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The properties of prestressed concrete b eams under the action 
of loading similar to t hat produced in the c omponents of a 
stl"•uctural frame during an ear thqualce have been studied. A 
Dynamic Loading Unit wa s designed and buil t to te s t three 
similar pretensioned pre~tressed concrete b eams under trans-
verse reversed cyclic loading. Static l ·? O.d tests were also 
carried out on two similar beams to provide a compal"ison. 
The parametex•s of particular interest were the stiffness, 
ductility and mode of failure of' the beams and these para-
meters have been studied and conclusions r eached. 
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NOTATION. 
The notation used in the text of this thesis is 
outlined below and in addition is also defined where it 
appears in the text. 
As areas of steel in bottom half and top half 
of beams (j.n2). 
b width of .beam (in), 
6. 
C co~pressive. force in concrete of beams(Kip~). 
C' coefficient for determining the modal . frequencies 
of the beams. 
0 coefficient of speed variation of flywheels~ 
. /. , .. ' •.. 
D' depth to bottom steel . fro~ top compressive 
e 
E 
f' n 
fibres (in) o 
strain in concrete or steel( il!ll/i'l!ll:). 
modulus of elasticity of concrete (p.s.1.). 
th frequency of n mode of vibration of beams 
(c.p.so). 
F testing frequency of beams (o.p.e.)~ 
.. 
I second moment of area of cross section of beams 
( in4 ). 
If moment of inertia of flywheels (lb~i~~eo2 ). 
M 'bending moment · (·kip~ins). 
. . Mu estimated ultimate bending moment of beams 
(kip-ina) o 
m mass of beam per unit length (lb-seo/in2). 
7. 
ku.d depth to neutral axis from extreme compressive 
fibre (in) •. 
, .. 
L.. len~t.~ of beam between supports (d.p.) • 
. :. 
Pi total inertial load on beam (lbs). 
R reaction at one support of a qeam(lti.p) •. 
T1,T2 tensile forces in lower upper pairs of wires 
respection (kips). 
T total tensile force in wires (kips) 
W weight per unit volume ot beam (.lbs/ft2 )~ 
... 
w angular velocity of flywheels . (rad~/.se.c). 
J 
x distance of point considered from nearest support 
(in). 
y deflection at x (in). 
¢ curvature 
Subscripts 
First subscript c concrete 
s steel 
Second subscript d dynamic 
s static 
the cycle considered. 
1. INTRODUCTION AND SCOPE OF RESEARCH 
1.1 Introduction 
11-11.: I 11\Kf\lt) 
UNIVERSITY 01' c .ANlERB 
CHRISB~t lURCH, N.L 
The true s-tructural ·response of a multi-storey building 
to earthquake ground motion is a function of the load-deformation 
properties of the structural elements, the damping properties of 
the structure and the gound motiono Nevertheless the analy,sis 
of the response is a long and complex problem for which it is 
necessary9 even with the use of large 9 high-speed computers, to 
make numerous simplifications. One such simplification is the 
adoption of either a linear or bi- linear load-deformation 
relationship for the components of the stru.cture. However at 
the Third World Conference on Earthquake Engineering Housner1 
reported that there was little known of the true physi9al 
. ·. ~ _, 
. ,. 
properti~s of the elements of frame structures under strong 
' ' 
earthquake conditions. .. As it is generally accepted that in 
. ·: 
the more highly stressed regions yielding or cracking of the 
compdn~nts will occur during strong earthquake s it was fe~t 
that a great deal of further research was needed on the action 
of structural members under large repeated loads beyond the 
linear range and also on the resulting failure process. 
Although 'throughout the world prestressed concrete is 
becoming increasingly popular in structural design, there are 
doubts in the minds of some architects and engineers of its 
ability to withstand the reversals of load imposed by ·earth-
2 quakes. Despeyroux reports that there are objections that 
prestressed concrete has insufficient ductility and that the 
9. 
energy absorbing capacity ~s rather low for use in aseismic 
design. There is a further problem that very little is known 
of the dynamic load-deformation properties and how they are 
affected by repeated reversals of load. Previous research on 
·the properties of prestressed concrete under cyclic ~oading has 
not considered high intensities of loading , nor has the effect 
of reversal of loading been considered. 
1.2 Scope of Resear£h. 
The object of the Experimental Programme was to test a 
number of similar prestressed concrete beams under forced cyclic 
loading similar to the type of loading which could be experienced 
during an earthquake. Three pretensioned prestressed beams w~re 
subjected to reversed cyclic loading by a Dynamic Loading Unit 
which was designed and built specifically for the project. 
The tests on each beam were divided into three sections: 
1.. Loading within the linear range at S:t>eeds of i-2 c.p.s. 
to determine the effects of speed of testing and cyclic 
loading on the stiffness. 
2. A fatigue test where constant maximum and minimum loads 
greater than the cracking loads were applied to determine 
the overall stiffness and ductility under cyclic loading. 
3. A static test to failure to assess the -effect of the 
cyclic loading on the beam and the resulting mode :of 
failure • 
. Two similar beams were tested statically for the purpose 
of comparing the results of the dynamically teste,d beams, one 
lOo 
of these beams being loaded directly to failure and the other 
was loaded through 2~ cycles to failure. 
11 0 
2., REVIEW OF PREVIOUS RES:m_ARC_B 
2o1 Introduction 
A ma-terial may be said to have failed in fatigue if it 
has failed under the action of repeated cycles of load, the 
magnitude of the applied loads being less than the magnitude of 
the single static load required to cause fai lure. Van Ornum3 
in 1903 stated "tests of concretes led to the conclusion that 
brittle engineering materials, of which cement mixtures are a 
fair type, possess the property of progressive failure or 
'gradual fracture." which finally bec~mes compl ete tmder the 
repetition of a load well within the ultimate strength of the 
material". Since Van Ornum there has been a great deal of 
further research on f'atigue of concrete, (much of which has 
been published in foreign publications or publications not 
easily obtained), and this work has been reviewed extensively 
by Nordby4 (1958) and Bate5 (1956). Consequently some of the 
references to foreign publications may be attributed to one of 
these sources., 
2o2o Plain Oo~~et~. 
Nordby attributes the first investiga tion!? . on "concrete 
fatigue" to Consider~ and De Joly who began work on mortar 
specimens and published their results in 1898. 
Van Ornum6 tested concrete prisms and over reinforced 
concrete beams , and his results showed that the stress-strain 
curve for concrete exhibited the four stages of behaviour 
shown in fig. 2.1. On the first applicat ion of load a convex 
curve was obtained which was subsequently s·tr·aightened by the 
12. 
2nd .application of load 9 i.e. 1st repetition, giving a line 
almost parallel to the linear portion of the first. The second 
stage was characterized by a gradual decrease in slope, i.e. 
decrease in 'the modulus of the concrete 9 with the rate of change 
being related to the maximum load applied. The third stage 
began relatively near failure and was characterized by the lower 
portion of the curve becoming concave upwards; this was thought 
to indica te the initial breakdown of the internal structure. 
The final stage exhibited ~ convex curvature at the higher 
stresses in the specimen. If· the prism was tested at a load 
less than that necessary to cause failure then only the first 
two stages of loading were produced. 
An extensive investigation on concrete under fatigue 
. • 7 loading was directed and ffillMlarized by Probst who verified the 
first tlhree stages of behaviour of the· stress-strain curve for 
prism~a under compressive cyclic loading as shown in fig. 2.2 • 
. 
' . ~ : 
Howevei19 ther~ was no e'Videnoe of the fourth stage found by Van 
· Ornum but this could be due to a difference in the testing 
techniques and the . type of concrete. The fatigue strength for 
an indefinite number .of ... cycles was in the ' range · of 47-60% of .. the 
ultimate strength and was found to be identical with the stress 
above whi.ch the stress-strain curve would become concave upwards. 
'; ·. ,,. ' -··.. . . 
The static ultimate load was also found to be. increased slightly 
J· 
by .repetitions of load below the fatigue strength .of the concrete 9 
e result which many subsequent investigations have also found. 
• The original puQlications were in German; Nordby reports that 
important portions 'of Probst's work re~ains unpublished in Englis~. 
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Although the concretes tested by Van Ornum and Probst 
were inferior to present day concretes, an investigation of the 
stress-strain properties of plain concrete under _9yclic loading 
by Si.nha p Gertsle9 and Tulin8 verified that the stress-str'~in 
curve does become concave upwards as shown in fig. 2.3. As the 
tests were carried out at a speed of 1 cycle/min and at high 
loads for less than a hundred c·wcles . the reversal of the 
stress~strain curve would appear to indicate the degree of 
microoocracking and internal damage •. 
Nordb~? has summarized the work of Graf & Brenner 
(originally published in German) who introduced the ,modified 
Goodman Diagram" which is drawn for a nomina·ted number of cycles 
of load and illustrates the effect of the minimum and maximum 
stresses on the · fatigue strength. Graf and Brenner's results 
from tests on prisms loaded for 2 :lnillion cycles,. and,~·;,shown in 
fig.2.4~ illustrate that as the minimum stress increases the 
maximum stress also increases. The speed .of ·testing within the 
range 260-480 c.p.m. had negligible effect .on the result~ but at 
lO .c.p.m. there was a slight decrease in strength. It was 
noticed that cracks forming on the side of the prisms did not 
aJ,we.ys result in immediate failure. 
Kesler9 tested small concrete beams in flextire at speeds 
of 70 9 230 9 440 CoPom. and verified that, as for tests in pure 
. com~ession, the speed of testing had negligible influence on 
the results. No evidence of an endurance limit for concrete was 
foundp the endurance limit being the stress below which failure 
will not occur regardless of the number of repetitions of load. 
15. 
At 10 mj.llio;n cycles the fatigue strength was 55% of the static 
strengtho Subsequent investigations have not indicated the 
... 
existence of an endurance limit for concrete. In general the 
fatigue strength of concrete for two million cycles has been 
found to be 55-65% of the static ultimate strength. 
Ople and Hubsbos 10 tested plain c~ncl';ete prisms in 
compression with a stress gradient which was produced by 
applying an axial load to the prism at a l<:nown eccentricity. In 
their results there was a wide range of scatter which tended to 
decrease as the maxi.mum stress level increased and consequently 
the results were analysed statistically. The results are shown 
in fig 2., 5.. It was stated~ "A significant difference in fatigue 
strength exists between uniformly stressed speciments and non-
uniformly s ·tressed specimensp the fatigue strength of the latter 
being higher" o Al·though 'this statement implies. that the maximum 
-load necessary to produce failure was greater for the non-uniformly 
" ! 
stressed specimens the results show the contrary. It is lH;ely 
that the intended meaning was that the maximum fatigue stress was 
greater for the non-uniformly stressed specimens. Nevertheless 
the incre~se of the maximurr1 stress will not be as great as shown 
since no accountwas taken of the stress redist ribution across 
the section at high stress level~o If plane sections remain 
plane then as the creep rate and permanent deformations are 
lilrely to be. improportionately greater for the highly stressed 
fibres . it follows that there will be a stress redistribution. 
A pho~ograph of a typical fatigue failure of a non-uniformly 
stressed specimen shows eV'idence of a ·stress redistribution 
,--. 
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17o 
due to a wtde tension c:z•ack in the prism ai'ter failure. However 
the results illustrate that for a particular maximum stress 
level the fatigue life, i .. e. the number of cycle~ ·,~;f.' load 
:ilf ;.~<:tv. 
necessary to cause failur~ increases as the stress gradient 
increases. Therefore the application of results from uniformly 
: !)i ~·~: 
.~ ... 
~-tressed specimens in the design of reinforced and .. prestressed 
concrete me~bers w~ll lead to a lower bound result. 
2.3 Bond .. 
Van Ornum was one of ~he first to study the effect of 
fatigue loading on· the bond between c<;>ncrete and steel. When 
tEisting the "ove.:l:l-reinf'orced~t concrete beams diagonal cracks 
formed and it was -stated "it appears that the gradual and 
progressive destruc·tion of the adhesive bond of the concrete 
to the steel produced a vital influence upon the phenomenon". 
Dur•ing the test 9 and si.iarting in the centre of the beam, the 
bond was destroyed and slip occurred causing small striations 
'• 
on the steelo 
In 1940 Lea 1.1 tested the pull-out strengt~~- of i " dia 
bars embedd,ed in concrete such that at failure the concrete as 
well as the steel was in tension. After 10 million cyclesp "at 
' 
2000 c.p .. m., tl;le · fatigue bond stress was 300 p • . s .. i. which was 
50% .of: the syatic pull-ou·t bond stress. 
• I 
· Muhlenbruch12913 _investigated the pull-out strength of 
. ( a1., i" dia ho~ rolled deformed bars (b) i" dia bars with a smooth 
surface,eiJibedded in concrete (f 0 = }000 p.s.i,) The :results 
. : c . 
sfiowed that the, plain reinforcing bars slipped considerably 
18. 
more at lower re:pea·ted loads than the deformed bars. The effect 
of the repeated loads on the bond strength is shown .. in fig. 2.6, 
and illustrates the reduction of the static pull-ou~ bond stress 
for defor.med bars when preceded by repeated pull-out loads. The 
higher the ratio of the repeated pull-out load- to the static 
pull-ou-t load the lower the pull-out stregs after sue}?. repetitions. 
The results of tests on plain bars were variable and the 
investigation indicated ·that the performance of the deformed 
bars was superiorb 
Nordby in a more comprehensive smrunary reports that 
failures at low stresses are possible and that until tHat time 
I •. 
(1958) the results had shown a wide degree of divergence. 
2.l.j. Reinforc~d Concrete..!. 
6 Van Ornum probably made the most valuable early 
investigation of the fatigue characteristics of reinforced 
concrete when he tested 82 beams specifically designed to collapse 
by compression failure alone; the testing speed · was 2-4 c.,p.,m. 
Failure was initiated by tension cracks which were followed by 
diagonal shear cracks and these led to a compression failure of 
the concrete near the loading point. 
Probst7 and associates investigated the formation and 
propagation of cracks in reinforced concrete beams and their 
influence on the static ultimate load. In the fatigue tests 
the. load at which cracks developed after a million cycles was 
half that necessary to cause cracking in a single static load 
test.. During the test the cracks breathed, i.e. they opened and 
partially closed during each cycle., A range of differently aged 
19. 
beams was tested and the deflections of the older beams became 
stable after a lower number of cycles than did their younger 
. . 
q&Unterparts. It was found that providing the steel stresses 
during the fatigue loading did not exceed the yield stresses 
. . .. · . . 
-'the static ultimate load remained practically unchanged. 
Saliger14 tested concrete beams reinforced by various 
types of steel to determine the effect of the steel properties 
on the behaviour of the beams. The cracks in beams reinforced 
. . 
. . 
by steel with a high yield · point did not pen~trate as rapidiy as 
beams with normal reinforcement and the elastic range was also 
greater because of the reduced elongation ·of the steel. For 
beams given a preliminary fatigue test the · total and permanent 
deformations produced in a subsequent s'tatic test ' were less 
than those for beams te§ted statically without being subjected 
:i~~ . 
to previous testing. This was probably due to the effect of the 
permanent strains in the concrete being removed by the prelimin-
ary testing. From the translated summary it would appear that 
the performance of the beams was improved by the use of high 
strength bars as reinforcing. ·. After several million cycles of 
ioad., the maximum being 55% of the static ultimate load, there 
was no reduction of the static ultimate load, nor of the bond 
or shear resistance. 
Bate4 summariz~~ the work of Le Camus who tested beams 
specifically designed to fail in (a) fatigue of the longi.tud~nal 
reinforcement, (b) fat~gue crushing of the concrete, (c ) fatigue 
of the concrete in shear. The ranges of loading were: (a) 6-60%, 
(b) 5-68%, (c) 6-48~~ of the static ultimate loads respectively. 
20. 
The increase o:f the static strength a;f'ter one mi~lion cyclea .was 
(a) slight, (b) 6-10%, (c) nil. Th~se results woul~ appear to 
veri:fy a strain-hai•dening e:f:fect :for concrete subjected to 
repeated loads ot: in·termediate intensity:. 
Chang & Kesler i5 tested 39 small rein:forced concrete beams 
in :fatigues Three type~ ot: :failure were produced: 
1. 23 beams :failed by destruction o:f the compression zone at 
the end o:f a diagonal tension crack which started in the shear 
.span and de·veloped towards the loading point. 
2. ·11 beams :failed by diagonal cracking, the beams :failing 
immediately a:fter the oracle developed. 
3e 2 beams :failed by :fatigue o:f the rein:forcement in the region 
ot: pure :flexure. The two beams which did not fail by :fatigue 
were tested staticallyt the results showing thet neither the 
diagonal tension cracking load nor the ultimate load were 
a:f:fected. The fatigue strength was approximately 60% ot: the 
static strength at a million cycles. 
' 16 In a second paper c 25 similar reinforc~~ concrete beams, 
. .. , .. : 
designed to fail in flexure at a load only slightly les~ than the. 
load causing a shear :failuret were tested. Fourteen be~s :failed 
. ...~ 
by :fatigue of the tensile reihforcement .. in the region of pure 
flexure; four beams f'ailed simultaneously by dlagonal cracking and 
,, 
shear compression after the developm€mt of a few tensile creeks; 
four beams :failed by shear compression failure foliowing the 
development of diagonal tension cracks; and thre~ beams did ·not 
failo The type of failure was found to be dependent on the 
magnitude of the applied load and generally hj.gh fatigue l'oads 
21. 
led to shear failures while lower loads tended to cause flexural 
failures. This may have been oaused by a change in the ratio of 
the s~ressoo in the concrete and steel . and their dirferent 
fatigue strengths. 
Verna and Stelson17 . tested a range of 60 reinforced 
. ' 
concrete beams to determine the modes of failure for static and 
fatigue loading. Beams weak in bond were fo~d to .be s~soeptible 
to fatigue damage and fa:i.lure after a relatively ~Qv.( number of 
cycles and the typE? of beam which failed by bon<f,~~ . statically always 
failed by bond in fatigue. A bond failur•e could be readily 
identified by a rapid early increase in the deflection. If a 
beam failed statically by either a tension, c·Ompresaion, or 
diagonal tension failure then in a fatigue test the mode of 
failure would have been found to be dependent on the load level, 
•· . 
as f'oul'l.d by Chang & Kes~.~:~, as well as on the static failure 
··. •(,t' 18 
mode. In a aecond.test series , four groups of four reinforced 
concrete beams .were .designed for tnree diff~rent modes of failure. 
The object was· tp. assess the effect on the . s~at:tc ul·timate load, 
of. fa 'bigue loading fo:r 10 9 000, 33,000, and ;1.00,000 cycles at a 
peak load which normally would have produce~ a 40-55% decrease 
in the beam strength "after 1,000,000 or more cycles". The 
.. . 
reinforcement was "intermediate grade steel" and the results are 
I 
shown in fig. 2.7. Unro:rtunately although the invea~igation. was 
made by a Ph.D candidate no suggestions were given for the large 
increases in the tensile strength. Nor were the~e any suggestions 
why. smaller increases f0llowed by decreases for the diagonal 
tension strengt~1 should have occurred. 
~ . ,-.. 
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2.5 Prostessed Co~. 
Freyssine·t 19 ~ conducted the first fAtigue tests on 
Prestressed Concrete when he tested two telegraph posts with 
similar ultimate loads~ one being prestressed concrete and the 
other reinfol"ced concrete. In the fatigv.c test the maximum load 
. ' 
was 50% of the static ultima'tle load and the load was completely 
reversed during each cycle. It is reported that the ''.~~einforeed 
concrete post had failed after tta few thousand cycles" whereas 
·iihe prestressei post was still in a good condit.ion··_af'ter 500,000 
cycles. Howeyer9 the results are merely of historical interest. 
Abeles20 .. compared the performance .of prE)streseed 
concrete.railway sleepers which had been in use for 2i years and 
• I 
in that time sub je~ted to an est imated 4 mill ion cycles of 
loading,(l50 9 000 bej.ng at; "lar'ger" loads), with similar unused 
sleepers.. No significant difference was found between the 
performance of the old and new sleepers and the steel concrete 
bond was npt affected i.n any way. However there is no indioatio.n 
of the str·esses Pl'Oduced while ·the s leepers were in use. : Bate5, 
re~orts that Le eruaus; Jaoquemenin; and Thomas while testing 
prestressed concrete ra:Llways sleepers found that the use of' 
embedded positive ·~nchorages gave better resistance under 
repeated loading than 'whejl the bond between the steel wires and 
eoncrete was relied on alone.. Results of tests on sleepers 
prestressed by pl.ain or indented wires show little difference ·· in, 
the performance of' · the sleeper; at failure the indented wires 
fractured and the pla.in ·wires slipped., 
21 Ab el es . tested 3 partially prestressed concrete beams 
24· 
in fatigue. The b~ams were loaded statically prior to the 
I 
fatigue teat to produce cracks which "breathed" in the fatigue 
tests, but which become invisible during rest periods; fatigue 
failures occurred when the wire fractured. Ap failure was 
approached the bond and friction adjacent tp the cracks were 
destroyed and on opposite sides of the beam there were 
differences in the crack widths. 
Hanson22 .. tested pretensioned con.arete beams prestressed 
by either clean or rusted ·wires. The result s showed that all 
beams in the fatigue test f'ailed through loss of bond although 
the maximum observed bond stresses were greater for the rusted 
wires. For the clean wires the fatigue life, i.e. the number of 
cycles to fail1,1re, decr•eased g·r~at+,y for a relatively small 
increase in the maximum load and the flexul"a.l bond a.lways failed 
!1!1" · 
before the prestress transfer bond failed. Low amplitude, high 
frequency vibrations to 10 million cycles did not produce any 
significant changes of' the bond stresses along the wires. 
Ozell and Ardaman23 tested beams prestressed by seven 
wire strands with compression reinforcement to ensure a tension 
failure of the strand. Examination of the fractured surface of 
the wires showed that only one or two failed in fatigue, the 
remainder being essentially static failures because of the 
r~sulting imposed overloads. 
Bate 24-25 , investigated the prope.rties of (a) beams 
prestessed by wires with various surface condi tions to determine 
the effect on the fatigue strength (b) beams prestressed by 
strand sUbjected to either static or dynamic loading (c) ~re-
25. 
stressed and Reinforced concrete beams to comp~re their relative 
abilit ies t o withstand fatigue loadi ng. I n ·bhe first sec t i on of 
the investigation,on composite Tee Beams1 the use of deformed 
wires led to the development of higher stresses in the s teel at 
failure than were obtained with pl ain rust free wires . However, 
the range of the fatigue stress at one mi llion cycles was 
gr·eater for the :plain l">D.f:r'G free wir'es than for the deformed 
wires and the range of stress for the plain wires was unchanged 
by rusting sufficient to improve the bond. 
I n the second section of tests, also on composi te Tee 
Beams, it was found that the fatigue resistance FJt l,ooo, ooo 
eJrcles of beams stl~essed with strand was i nferior to that for 
be~ns stressed with plai n wire but sl ightly superior for beams 
with deformed wires. Had the comparisons been made at 100, 000 
cycles the results would have been more favourable to the strand 
'but at 10~ 000 , 000 cycl es the r esults would have been less 
favourab le to the s t rand$ Al though no reason is g~ven for this 
observat ion it is possible that it may be connected with the bond 
and the bond slip. An examination of the fr•actured wires i n the 
strand after the tests did not reveal any evidence of f r e tting 
corrosion .. 
For both the rej.nf'orced concret;e and :prestr•essed concrete 
beams dur ing fatigue loading the total deflections wer e slightly 
greater than in the static tests and for the r·einforced concrete 
beams the increase in the size of the cracks was insignificant. 
Nevertheless t'or the prestressed concrete beams ~rior t o 
cracki ng the stiffness, as shown by the range of deflec tion, 
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tended to be greater for beams subjected to repeated loadings. 
After the prestressed con:crete beams craclced during fatigue test.s 
the development of the cracks was more rapid than for similarly 
overloaded reinforced concrete beams. The average maximum applied 
.. 
l~.ad for the prestressed concrete b~amf?, rect~gular in section, , · 
which s~rvived 3,000,000 cycles, ~ange~ frqm 65-85% (average 73%) 
ef' the estimatEd static ultimate strength, wi·th the· .f.aflutte "'load ·i:n 
. . ,.. 
the subsequent static teat ranging from 92-104% (average 99%) 
of the estimated ultimate .load. The prestressed concrete beams 
with smal1er percentages of steel failed by fracture of the 
steel and those with greater percentages by crushing of the· 
concrete. 
Venuti27 ~ fatigue tested 90/4i" x 6" pretensioned pre-
stressed con.crete beams with 2/i" die seven wire strands to 
failure.. If after five million cycles failure had not occurred 
the test was stopped and the beam tested to failure statically. 
The predominant mode of failure for beams tested . 1~ fatigue at 
60% and 7afo o.f the static ultimate load was e. tensio~ ~ailure 11 
i. e . fractur e of the strands, whereas for the beams tested at 
.. 
80% or 9Q% of the ultimate load the predominant mode of failure 
becrune a compression failure of the concr~te. Of the beams 
t~ste~ at a maximum load of 50% eleven out of eighteen. had not 
ii. ~ failed after 5,000,000 cycles and these beams exhibited only~ 
very slightly de.oreased ultimate load at f~ilure. At all load 
levels those beams which failed in compres~~on showed a faster 
rate of decrease of flexuraL stiffness and ~ne fatigue· life ·was · 
. . ·' 
generally shorter tha1;1 .. t9r the beams failing in tension. A 
statistical analysis showed that the variab,ility of fatigue · 
27. 
life increased as the maximum applied load increas~d. The 
~atigue strengths 9 at a million cycles, . o~ the b~ams tested by 
... 
Venuti and those tested by Bate~ in the third section o~ his' 
investigation~were not equal since the stresses produced in the 
·concrete and steel at equal relative load levels were di~~erent .. 
He~_ce the results of the two investigations may only be compared 
if it is kept in mind that the ratio o~ the stre$.ses in the 
: steel and concrete in each series of be·a:ms were differento 
2. 6. §Jm!ma:r.,y o 
Many o~ the early investigations wer~ made on concretes 
which are in~erior to present day concret'e·s and it is therefore 
necessary to exercise care when interpreting the results of 
early research., For fatigue loadingg 
(a) The stress-strain curve for plain concrete changes in 
sha:r;>ee 
(b) The speed of testing does not influen·ce. th,e results except 
when the 'testing speed is slow .. 
(c) The bond strength for plain wires is reduced substantially 
and is also variableo The condi t:ion pf the bond greatly 
influences the fatigue li~e and mode of failure.. (An 
extensive investigat:Lon .o~ bond under ~atigue is require,g.) e 
(d) The mode of failure of reinforced and prestressed concrete 
is influenced by the static mcde of f ailure and the 
magnitude of t he repeated load.. The probable reason is 
a change in the ratio of stresses in both t~e concrete 
and the steel as the load increases'$ 
(e) The fatigue strength of reinforced concrete and prestressed 
28. 
concrete beams is dependent on the properties of the 
section i.e. the steel properties, the area of steel , the 
prestressing forces, the shape of the section and the 
crushing strength of the concrete. 
(f) To compare the results of different tests it is necessary 
to analyse the stresses within the concrete and steel, 
before making the comparison. 
3. DESIGN OF APPARATUS FOR DYNAMIC TESTS. 
3.1. Introd~ 
The testing of prestressed concrete beams under 
loading similar to that produced in the co~p9nents of a stru~ture 
during an earthqualce required a machine for applying revers~d 
cyclic loadings at frequencies within the range of .5 .- 5 c.p.s. 
As the seismic motion of a builditJ.g is generally ~s.sumed to be 
sinusoidal it was necessary that the machine (whic~ will be 
referred to as the Dynamic Loading Unit) subject~ the beams -~o 
sinusoidal or approximately sinusoidal motion with approximately 
equal maximum positive and negative loads. A further requirement 
was that it should be possible to vary the magnitude of _ the 
maximum loads without stopping or slowing down the Vnit. The 
Dynamic Loading Unit was designed to apply maximum loads of up 
to 4 tons. 
As the normal methods of~ measuring the load could not 
be used it was necessary to incorporate a load-cell in_ the Dynamic 
Loading Unit and record the output from the cell automatically 
' 
on an oscilloscript. Deflection gauges for · measuring the maximum 
and minimum deflections were also required and the output from 
the gauges was also recorded by the oscilloscript. 
3.2. Dynamic Loading Unij .. 
3 .. 2.1o General Principles. 
A general plan of the Dynamic Loading Unit is shown 
in fig 3.1 and general views of the Unit are shown in Plates 
1 and 2. The Unit consisted of an eccentric "Crankpin" mc;>uhted 
on the "Main Disc" and connected to the beam by the lin~age 
system shown in fig 3.4o The main disc is shown in Plate 13. 
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I·late 1. DYNAMIC LOADING UNIT. General view showing the 
general layout and Beam 3 prior to testing. 
Plate 2. DYNAMIC .LOADING UNIT. General view showing_main dis 
and shaft, main bearing housing, tPiplex chain, 
differential box and reduction box with motor behind 
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Plate 3. MAIN DISC. Side view showing the main screw together 
with the thrust bearings and the small bevel gear. 
Also shown are the conrod and mild steel bearing 
housing and a small portion of the slide. 
The throw, i.e. the ecentricity, of the crankpin 9P~ld 
be changed without altering the speed of the machine by rotating 
the "Differential Box" with the worm and wor·m- wheel. Hence the 
maximum loads applied could be varied during a test because the 
throw of the crankpin and the maximum di spl acement of the beam 
at the loading points were the same. The Unit was d~iven by a 
15 HaPa variable speed motor. The drive fi'Om the motor to the 
main shaft was through vee belt and triplex chain drives and 
the overall speed reduction from the motor to the main shaft 
was 13 . 3. 
The maximum throw of the crankpin was 3 inches and the 
maximum allowable torque in the main shaft was limited to 4.9 
33. 
ton inches by the tensile capacity of the main driving chain. 
The applied torque was proportional to the maximum applied load, 
the maximum deflection of' the beam and a Beam Factor which was 
a function of the load deflection curve and was less than un~ty • 
. 
For the design the load-deflection curves&f the prestressed beams 
were assumed to b.e cubic parabolas for which the Beam Factor 
was .76. 
Where the stress of a component was critical a load 
factor against failure of 5 was adopted except for the main 
driving chain where the manufacturer recommended a minimum load 
factor of 20. 
3.2,2. Main_£.\~~emb!x. 
The "Main Assembly" of the Dynamic Loading Unit is 
shown in fig. 3.2. The crankpin and slide were machined from a 
6" x 4" high· tensile strength bar as fabrication of the two 
.parts and · welding were undesirable. The slide and crankpin 
were mounted in the milled slot of the 17~'' dia. "Main Disc" 
. . 
shown in Plate 3. The main disc was bolted tot~~ fla~ge _ of ·_ 
the "Main Shaft" which was fabricated from mild steel bars and 
piate as shown in the figure. It was specified that the welds 
should be of radiographic (i.e. very high) standard because they 
occurred in regions of high stress where pockets of slag o~ 
blowholes could have caused stress raisers and fatigue fai~ure. 
High tensile steel was used for the shoulders of the slot to 
reduce wear and to take the impulsive transverse loads from the 
crankpin and slide. 
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The ecentrici ty of the cr.anlcpin was controlled by the 
high tensile $teel "Ma;l.n Screw" which was connected through two 
bevel gears to the "Control Shaft" mounted concentric and within 
the main shafto Thrust Bearings were mounted at each end of the 
I 
main screw so that it could be rotated easily and precautions 
were taken at the ends of the screw threads to reduce th~ 
possibility of a fatigue failureo When the control and main 
shafts rotated at identical speeds there was no rotation of the 
main screw about its longitudinal axis and therefore there could 
be no change of throw of the crankpin. However when the two 
shafts rotated at different speeds the main scl"ew rotated 
transversely and changed the throw of the crankpino For each 
additional revolution of the control sha:ft relative to the main 
shaft the main screw turned through 1. 6 revolutions as the bevel 
gear ratio was 1 ~ 1.6. 
The main assembly· .. was mounted in two bearings which 
were selected from the manufacturers design tableso The _principle 
bearing was a double row Spherical Roller bearing while the 
second. bearing was a cylindrical roller bearing. The bearing 
.•.. 
h:msj.ngs were machined from mild steel blocks to reduce their 
width so tha·t the distance from the crankpin to the centre line 
o:f' the main bearing could be reduced to a minimum and thereqy 
reduce the maximum bending stresses in the main sha:fi_;! Both 
the bearings were oil lubricated and were sealed by sprung 
loaded 9 single lipped leather oil seals. 
3a2o3o Differential BOXo 
The purpose of the differential box was to vary the 
36. 
speed of the control shaft relative to that of the main shaft. 
The box qonsisted of an epicyclic train of bevel gears from a 
car differential mounted in a frame which formed part of the 
case of t he box as shown in fig 3.3. The box was mounted so 
that the case and therefore the gear t~ain could be turned by 
the worm and worm-wheel. The shaf·t leading into the differential 
box ±'rom the reduction box revolved at the same spee<I. as the 
main shaft but in the opposite direction. However the epicyclic 
.r•e·1,rersed the direction of rotation so that the control and 
main shafts rotated at identical speeds and in the same direction 
when the case of t,he di:f.fe.ren·tial box was stationary. 
When the differential box was rotated the epicyclic gears 
caused i;he speed of the control shaft, i.e. the output shaft 
from the differential box, to change relative to that of the 
input shaft and :for each revolution of the box the control shaft 
either made or lost two revolutions relative to the input shaft. 
Hence for each revolution of the box the control shaft turned 
through two r•evolutions relative to the main shaft of the Unit 
. 
and the main screw turned transversely thi•ough 3.2 revo1u.tionso 
The reduction of the worm and worm gear was 32 : 1 and therefore 
one revolution of the control handle, i&e. the worm9produced 
one tenth of a revolution of the main screw. As there were 
12 threads per inch on the main screw the corresponding change 
of throw was .0083"o 
A revolution cotmter was attached to the end of the 
main control shaft and the throw of the crankpin was calibrated 
against the number of turns of the shaft. 
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3.2.4. 1ransmission System. 
To epsure that the .main shaft and control shaft rotated 
at identical speeds when the differential box was stationary it 
was essential that all the drives other than that from the motor 
to the flywheel shaft be positive, i.e. be ·either chains or 
gears. 
Th~ two principal drives were the motor-flywheel shaft 
drive and the flywheel shaft-main shaft drive. The former was 
a 4B Vee B.el t Drive with a speed reduction of 2. 6 7 w}?.i le the 
la·tter was a -!" triplex chain drive with a speed reduction of 5 
glving an overall reduction of 13.3. The design char~s ~how~d 
that the vee belts could safely transmit 2 H.P. at 250 r.p.m. 
and 11 H.P. at 2500 r.p.m.; however the load-speed relationship 
was not lineai'o 
The maximum safe torque which could be transmitted by 
the chain drive was 4.9 in-tons as the impulsive loading 
necessitated a load :f'actor of 20 for the tension in _the chain. 
The torque transmitted was a multiple of the load, the throw 
and the Beam Factor and as the Beam Factor was .758 for a 
load-deflection curve the shape of a cubic parabola the multiple 
of the load and throw could not safely exceed 6,5 in tons. The 
Beam Factors for, a number of Load-Deflection curves are 
discussed in Appendix A. 
3. 2.- 5o · Fl:ywheels. 
The flywheels were incorporated in the Dynamic Loading 
Unit to protect the m?tor from the large ~pulsive reversals 
of torque and load. The design was based on the torque angle 
39. 
diagram for the main shaft shown in fig. A.1. Appendix A. 
Normally flywheels are designed to supply the fluctuations of 
energy in the machinery through changes in their Kinetic Energy 
clue to small speed variations which are asstuned to be not greater 
than 1% of the mean speed. The change of Kinetic Energy, as 
shown below, is proportio~al to the Moment of Inertia of the 
flywheel (~), the square of the angular velocity (w), and a 
speed variation factor (C). 
Change of Energy = I._r w2 C 
The equation shows that the performance of the flywteel~ is 
improved by increasing the flywheel shaft-moin shaft speed ratio. 
However, the energy capacity of the flyvmeels was insufficient 
to supply the total variations of energy a t maximum loa~ ~i~hout 
relatively large variations of speed and hence the principal 
function of the flyv1heels was to reduce the peak impulsive load 
acting on the motor. An analysis of the energy capacity of the 
flywheels is presented in Appendix A. 
3.2.6. Motor.,. 
The motor used to d.ri ve the Unit was a constant torque 
Shraeger motor with an infinitely variable speed range of ?59 .-
2500 r.p.m. and with a rated capacity of 15 H.P. at 2500 r.p.m. , 
3.2.7. Base Frame and Supports. 
The base frame of the Dynamic Loading Unit was made as 
rigid as possible and was bolted to a struc·tural testing floor. 
The supporting frames were also designed for rigidity, espeQially 
the frame providing the lateral restraint for t~e reciprocating 
piston in the linkage system described in the following section. 
3., 2e 8e kill_k?._W B~., 
The linkage sys-tem9 shown in fig 3.4, consisted of the 
corn~od 9 reciprocating pj.ston and guiding sleeve, load cell 9 
distribution beam and beam s·tirrupso To reduce the lack of fi t 
j.n the system all the connections were made with minimum 
·toleranceso The conrod was a 1 ~n diae shaft with a f?Pherical 
1110ller bearing within a mild steel bearing housing at the lower 
end to connect it to the crankpin9 as shovTI1 in fig 3o2o The 
head o:t:' the conrod was conne.cted by a silver steel gudgeon pin 
to the piston which was es~entially a th :L cl~ walled cylincJel.,o 
Tbe purpose of the piston was to convert the circular motion 
of the crankpin t;o vertical motion and to' transfer the 
hor.•i.zontal component of th\3 . force in the conrod through the 
sleeve to the i'l"ame of the Unit so that the load- celi and beams 
were subjected to vertical l.oadi.ng onlyo Experience showed that 
it was necessary that the internal surface of the steel sleeve 
be of a relatively soft material and that. the area of contact 
between the sleeve and piston be well lubricated and cleano 
Hence a b ronze liner was incorporated within the sleeve and the 
sliding surfaces were lubrica1>ed by- the gravity feed oil system9 
sho~l i n ~igo 3o4e Double lipped sprung loaded9 leather seals 
we:r.·e f'ound . to be the only satisfactory means of sealing the 
ends of the sleeveo 
The load cell was screwed into the piston and .. ·is: c. 
described fully in sec-tion 3o4·o 
The distribui;ion beam consisted of two channels welded 
i" apart and was connected to the beam by external stirrups. 
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Locknuts were used on the stirrups to clamp the beam rigidly to 
the linkage system and also to reduce the local compressive 
forces on the upper and lower faces of the beam before the load 
was applied. 
The end collars~ one of which is shovm in Plate 4 9 
formed the supports fo~- the ends of the beams . The beam was 
supported between plates as shown in fig., 3. 5 b?tween which ~" 
di~ rollers were placed if longitudinal movement of the beam 
. :--·., 
was? to be allowed. The plates were rigidly clamped to the 
beam by the two -!" 
dia., bolts with the 
5/16" dia. Allen 
screws keeping the 
plates stableo 
The Collars could 
rotate freely in · 
the bearing blocks 
which were bolted 
Plate 4.. END 
COLLARe Also shown 
is a di.al gauge 
mounted in a dexion 
frame support e 
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to the supporting frameso Thus the ends of the beam could rotate 
and allow the beam to act as a simply supported beam. 
Two dial gauges to check the nett vertical movement of 
the beam at the collars were mounted on dexj.on frames which may 
be seen in Plates 2 and 4. The dexion ··frames e.l though built over 
the supporting frames for the beams were entirely independent of 
the Dynamic Loading Unit$ 
3o3o Load Cello 
The load cell 9 wl).ich is shown in fig. 3.6, was designed 
to register 1000 micro-strains at a load of 6000 lb _assuming that 
the modulus of elasticity for the steel was 30.106 p.s.i. The 
external diameter of the load cell was 1.460" anq. the internal 
diameter was 1 o370" which resulted in a wall thiclrJ1ess of • 045'~ . 
3 •. 3. 1 o Instrumentation .. 
Six 120 ohm PR Phillips strain gauges were glued ~o 
the external surface of the load cell. Three strain gauges were 
placed parallel to the longitudinal·axis of the cell and connected 
in series to form one arm of the wheatstone bridge circuit while 
the remaining three were mounted transverse to the longitudinal 
axis and were also connected in series to form the second arm of 
the bridge circuit. The strain-gauges were water-proofed with 
Phillips water-proofing agent and the cell was wrapped . in rubber 
splicing compound tape to protect the gauges. The output from 
the load cell due to a change in strain when a load was applied 
was amplified by a Phillips Direct Reading Strain Bridge 9 model 
PR 93009 and recorded on one channel of a four channel Phillips 
PT 2108 oscilloscript recorder. Three core shielded cable was 
used to connect the gauges to the amplifier while two core 
· ·~ ·· · ... ; 
.. 
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shielded cable was used between the amplifier and the 
' ... , 
oscilloscript., The Direct Read;ing· ·'Bridges~ which were also 
.,._._ 
used wi.th the Dynamic Def'lection Gauges;· and the oscilloscript 
are shown :ln Plate .5" 
3o3o2o Q~~b~~a~~on,o 
·:.c,· The load cell was calibrated by applying a know~ load 
. 
with a hydraulic testing machine and noting the resulting 
off' set of');~?the oscilloscri.:pt t:r.•ace from the zero posi tiona _ The 
·'"\ of.~~ . 
cell wa~· ~;~lib:rated in separ•a·te operatlons for tension and 
•. '·.':t t• 
compression and the overs.ll range o:f calibration was 3600 lb 
. X• 
. .. . . ~ 
tension. tq{3600 lh compressiono The most sensitive range on the 
oscillosc:x.•ip·t was used :for the cali'bratio:n. al·though it was 
necessary to use thr•ee ranges of' amplification on the bridgeo 
The three ranges o:f load were 0~800 lb" () ... 2200 lbSl and 0~3600 
lb and the corresponding trace widths were 1 .. 46", 1o35" and 
o68"o The width of the trace was measure¢l to the ne~rest 
hundredth of an inch al thou.gh the a.cclwacy of the electronic 
equipment was pr.•obably on "the order of.± &02"" Therefore over 
the three :t•anges the maximum errors would have beel}. .± 16 lb 9·: .± 
50 lb 9 ± 1~30 lb 9 whieh are 2oC~9 2.,2% anCI. L~~5% of the maxirrrum 
calibrated loads f'or the respe.:;tive ranges~ 
Oli. the Direct Reading Bridge it was :found that the 
load cell was linear over each of the tensile end compressive 
.ranges although there was a very slight bi-lineari ty ove:r the 
complet;e range from .3600 lb compression i:;o 3600 lb tensiono 
The cha!lge in the l:in.earity occurred at the null point on the 
bridge and as the Budd Strain Indicator showed that the load 
47o 
cell was linear o-ve:r.• the entir~ range it is probable that the 
fault was within the Direct Reading Brtdgeo (Furt}?.ermore it is 
though that the weight of the meter needle on the bridge may 
have contributed par·tly or wholly ·to the bio•linearity") This 
bi-lineat• effect could not be found on the trace of the 
oscilloscript as i·t lay wi thln the reading error• of the width 
of the trace.. However ·the t~elibration of' Load an.d the offset 
o:f' the t:r·ace had a. distinct bi-linear effect with the change of 
linear·lty oectwring approximately one sixth o:f the width of the 
trace from one edge" I't was found on the one side only and 
would have been caused b;y- an. u.nlcnown fault in the oscilloscripto 
The load-cell was calibrated with the meter on the bridge switched 
out and wj.th the bri.dge at the null=point when the load was zeroo 
3ol,J.() }2;-o~gtiQ!l_.Q.~S,~o 
Two sets of Dynamic Deflection gauges were required_ to 
measure ·the deflections as "the normal dial gaug~s were ~sui tableQ 
The deflection gauges consisted ot• a metallic stri.p fi.xed in 
direction and position a·t one end and connected to the beam 
through a vertical arm attached to the "1~ree" endo The gauges 
·. 
' 
were designed to measure maximum de:flec·f.;j.ons of "1 " and 1" and 
- -
the corr.•espo.nd:l.ng maximum strains measured were approximately 
• J 
600 and 850 micro- strainso The two types of' gauges are shovm 
in f'igo 3 .. 7 (a) a.nd (b) and a 1" gauge is shown in Plate 6., 
The vertical arm of the o 1" gauge was pinned at both ends to 
prevent tensile strains developing in the metal s~~ip as the 
vertical displacement of the free end of a cantilever is 
accompanied by a small latez•al d:i.splaceme.nt;.. Universal joints 
P1at e .5, DIRECT RJ~ADING S'rRAIN BRIDGES and OSCILLOSCRIPTo 
' ' .~ 
I I I 
Plate 6o ·'!'~ DYNAMIC DEFLECTION GAUGE with u.niversal joints 
s* 
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~ 
, ..... 
" were placed. at both ends of' the ver•tical arms of two of the 1 
gauges to allow for· the longi 't'udi.nal movement of the beam as 
well as the lateral displacement of the end of the stripo 
u " The thir•d 1 gauge was imilar to the .. 1 gauges since the 
. 
longitudinal mo·vement of the cer~ ·tre of the beams was smallo 
Instrumentation. 
~--....,.._- ,_._. 
Two 120 ohm PR 9814 Phillips strain gauges were placed 
on eaoh gauge as shown in figo 3o7 (a) and (b) and eacn gauge 
formed one arm of adjacent ·arms on a wheatstone bridge circuito 
Each deflection gauge was connected through a separate Direct 
Reading Strain Brid.ge (Model PR. 9300) 9 which acted as an 
amplifierS) to a 1::1epe.rate channel on the oscilloscripto As the 
oscilloscript was equipped with four channels one of which was 
used for the load cell only three gauges could be used at one 
timeo Three core and ·two core shielded cables were used as 
for the load cell instrrunentationo 
3 o 4o 2 o Q§.lil>£a 't.!2.llo 
The dynamic deflection gauges were clamped to an 
.. 
adapter plate on t he top of the piston of the Dynamic Loading 
Unit and were calibrated at a speed of' t CoPo So The stroke 
of' the piston was measured by a dial gauge when the Unit was 
cycling slowlyo The de'f1ection9 whi ch was half the stroke 9 
was calibrated against the overall width of the trace produced 
on the oscilloscripto Each gauge was cali.brated separately 
u n 
with each pair of o1 and 1 gauge having its own set of cables 9 
amplifying bridge and channel in the oscilloscripto 
51o 
n 
'I'he o ·t gauges requiredd two ranges of amplifica~ion 
on the bridges to o'btain the t9tal range of deflection . w~ th 
maximum senf:litivityo 
. : n 
The rang~s of deflection were 0 - o05 
" and 0- o10 and the corresponding maximum widths of the traces 
were of the order of' 1o6" and o9~t ~spectivelyo The estimated 
errors due to bo·th measuring the width of the trace and the· 
u 
accuracy of the equipmen·t were .±. o 03 9 o:r.• 2% and 3% of the 
maximum values of deflection for the respective rangeso 
" The 1 
. . 
gauges required three ranges of amplification 
on the bridges to obtain maximum sensi ti vi ty and, as for the 
n 
load cell and the o1 gauges!' the channels on the oscilloscript 
were operated on their most sensitive rangeso The ranges of 
" " " deflection were 0 - o28 9 0- o89 9 0 = 1o0 and the 
corresponding maximum widths of the trace were of the order 
'~ .. " of ·1o4 9 1 o4 9 and o 5 with estimated erro:t:•s of 2% 9 3% and 5!% 
of' the maximum deflections for the 1•espective rangeso 
The graphs of deflection yer•sus width were linear 
' . 
.. 
throughout and did not show any slgns of the bi-linear effect 
found in the calibration of the load-cello The s~eed of the 
Dynamic Loading Unj. t was found to have no effect on the 
calibration of the gaugeso 
The deflect:ion of the gauges produced a reaction a ·t the 
I I 
oscillating end of the metal str•ip which increased the load:. in 
the load cello These reactions were calculated by the normal 
elastic theory methods and were allowed for in the dynamic 
test so 
4 o DliJ§l_Gli_ _AND PRO~RTIJill__Q]f___B~ 
4o 1 In'trodu.c.J4.Q.g 
.. 
52o 
Five similai1 7~f x 4'e x 11 ~on p:retensioned concrete 
beams prestressed by four ~200" diao high strength steel wires 
stressed initially to 180,000 p.soio 
were casto Po si·ti ve end· :;.anchorages in 
t he form of Co CoLo anchorages wet'e 
attached ·to the wires and embedded 
' 
in the concrete approx:tmately an 
inch from each end of the beamo 
The position of the wires is shown 
in figQ 4o1o No shear ~einforcement 
r- 4u ~~ 1.1 I 
=,1-t •":' ::-.:: ·:-.- l 
..... , ' . . . r- e ,· It . 
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Figo 4o1 CROSS-SECTION 
THROUGH BEAMSo 
' 
was usedo The average cylinder erushing strength of the 
concrete in the five b~ams ranged from 6680 p.soio -
8340 J?oSoio 
4o2o ~roperi;..!.~o 
The prestressing wire was str•ess x•el~fved high teii'sile 
strength steeL When the steel was delivered there was a heavy 
..... ~ , . ' 
layer of rust on the surf'ace of t-9-e,. wire and ;g~s~)f} · f7w areas the 
surface was badly pi tt-edo 'l;'he surface conditions for most of 
., ·-~ ") 
the wire ranged from tft~ condition shown in Blate 7 to that· 
shown . in Plate 8 9 although there wez•e a few small areas where 
the· surface condi.tions:. :wer•e similar to that shown in Plate 9 • 
. !. 
Tests showed that ·the ·strength of the wire was adequate ,. and 
.; 
as the strength of the" steel - concrete bond has been found to 
be slightly improved by l"usting the wire was acceptedo Befo.re 
the wire was uaed it w.aq cleaned P-oughly VIi th emery paper to.,.,_~ .. 
. , ' 
.. . 
•' 
~ • • ~~ .... t -
. \. . . 
• - ,. J:!o .. , .. - .: 
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Plate 7o PRESTRESSING WIRE. showing small pitholes due to 
cort•osion 
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Plate 8o PRESTRESSING WIRE showing medium sized pitholes 
Plate 9o PRESTRESSING WIRE 9 badly corroded and pittedo 
53o 
54. 
remove the excess rust and mill-scaleo A stress-strain curve 
for the wire 9 obta:i.ned :from tests on three specimens 9 is shown 
in :fi go l.j.o 2 9 and this curve has been used for all the analytical 
worko 
4 .. 3., Concrete. 
The concrete was designed ·:ror a cylin.der crushing 
st:rength of' 7000 p. s .. i. The grading of the concrete aggregates 
is shown i n. Table 4 .. 1 ~ the aggregate-cement r a tio was 2 ~ 30_, .. ,and 
B.S. Seive 
Size 
3/8 - 3/16 
3/16 - 7 
7 ~ 14 
•14 
- 25 
25 52 
52 - 100 
Percent 
retained 
45 
16 
14 
11 
9 
5 
Table 4 .. 1 .. Aggregate grading& 
the water~cement ratio was .. L~2.. The conversion ~actor for 
obtaining the cylinder crushing strength from the crushing 
~ 
strength of cubes was found to be .. 89.. This conversion factor 
was ob :tained by_ testing nine 6" dia., x 12" cylinders and nine 
,\ 
. . f. . 
6" cubes at an {3.ge of' 28 days in a hydraulic compression testing 
machine at equal rates of' loading .. ··· The cylinders were filled 
' 
in. 3 layers and compacted by v i brating on a vibration table 
at a :frequ ency of' 3~>200 Cop.,m, for a total time of 2i mins .. 
Th.e cubes were also filled in 3 layers but were compacted by 
55o 
a Kango Hanuner applied to the sides of the mould for a total 
time of 2i mins. The slump of the concrete was ~u and the 
compaction factor was .. 91 .. 
A stress-strain curve for the concrete was derived by 
placing Demeo points for three 4" gauge lengths on the sides of 
3 cylindersa As the cylinders were loaded by a hydraulic testing 
machine only the ascending portion of the curve was obtained 
directJ.;y., The peak and descending portions of' the curve ·were 
del"'ived from the results of ·previous research 289299 on the 
complete stress-strain curve for concrete. The stress-strain 
c1u•ve adopted is shown in fig .. 4 .. 3; and has been used for all 
ilhe analytical worlc.. The coefficients for the concrete are 
shown :i.n Table B,. 1 9 Appendix B., 
4 .. ~ . ., Prestre§§ip.g J3.§..Q.o 
A prestressing bed which had been designed and built 
· J •'\ . . . .. · -~~~a current research project was used for stressing .~he mires, 
··. The bed9 shown in P·la te 10 9 consisted of a 25' 6" - 20" x 6" 
..... . ..,.; .. ,
U. B., with anchor blocks bolted to the.·: . top :Clange at each end ~ ~ ~':'~ . 
a:p.9: /phe steel beam mould was rigid:;J.y ,. olamped to the top f l a:q.ge 
.~ ·~ t; .. ~ 
by. G- clamps .. Freyssinet anchorages were used at both ends of 
the wires and the load to the wires .;as applied by screwing1 
,·;: 
out the head screws of the load cells attached to the anchor 
block shown in ;Flate 11.. I-t was . possible to apply any specific 
load ·to each wire as the load c~lls had b een calibrated for 
the changes of the zero which occurred when loads were appl ied., 
4 .. 5., Qasti_n_g and Curing ~rocedur~., 
All the beams were cast and· cured in a fog room of 
. 
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58. 
Plate 10 PRESTRESSING BED 9 with the Bean1 Mould and the Strain 
Bridge to measure the strain in the load cells. 
Plate 11 LOAD CELLS used to measure Pr•estr·css in wires. The head 
screws 9 thr~st bearings and Freyssinet end anchorages are 
also showne 
59o 
constant temperature and 100% humidity.. After the prestressing 
bed and b eam mould had been set up and the wires stressed a 
b·ond breaker (Mobil Par B Oil) was applied to the varnished 
interior surfaces of the mould. Immediately prior to pouring 
the concrete 9 the surfaces of the pre.stressing wires were 
cleaned with acetone to remove any grease or oil. The concrete 
was mixed in two batches of 260 lbs. and 230 lbs .. weight; the 
mixing time for each batch was 4 minutes.. The concrete in the 
beams was compacted by applying e Kango Hammer to the sides of 
the beam mould while the concrete was being placed and the 
vibration of the concrete was continued until most of .the air 
voids were removEjdo From each batch of concr•ete three 6" 
control cubes were cast and from the second batch a temperature 
control bloclc was also cast. The cubes and control block were 
poured in the laboratory under normal atmospheric conditions 
e.nd the cubes were filled in 3 layers and compacted by a Kango · 
Hammer for 2t mj,nutes. The cubes for the beams were placed 
in the fog room as soon as the beams hacl been poured and were 
subjected to the same curing conditions as the beams. 
After two days the sides of the beam mould were removed 
and the cubes were also removed from their moulds. At 6 days 
the prestressing forces in the wires were transferred to the 
concrete and after 21 days Beams 1 11 2 9 4, and 5, together with 
their respective control cubes, were removed from the fog room 
in prepar.ation f'or testing at 28 days. 
4 .. 6. Transfer of Prestress and Losses. 
The stress was transferred from the steel· to the concrete 
60 .. 
by releasing each wire slowly so that the stresses in each 
wil"'e were of the same order at any instant. To estimate the 
loss of stress in each wire due to creep of the steel over the 
6 days while the concrE;(te was cu~ing9 the load in each wire was 
,., ,. ~ 
... , ..• . 
found by taking the strain readings from its load cell before 
. ~~ 
and after the transfer of stress. Demec points for 5 or ·6 
8" gauge lengths were placed on both sides of Beams 1, 2 9 4, 
and 59 as shown in figs. 5.2, 5.5, 5.12, anu 5o17 respectively 
to find the elastic strain 'in the concrete due to the pre-
str·ess ing force and also the combined shrinkage and Cl"eep 
sti•ains over the period before testing. From the average of 
the measured strains it was possible to estimate the stresses 
in the concrete and steel before the testing began. The results 
are shown in Table 4.2e For Beam 3 9 one of the load cells was 
not functioning and it was necessary to estimate the number of . 
turns required to produce the correct stl~ccs in the wire; also 
I • 
no Demeo gauge readings were taken. 
Cylinder 
crushing 
strength 
:P• Se i., 
3eam 1 7840 
3eam 2 8010 
3eam 3 8340 
3eam 4 7400 
I 
I 6680 3eam 5 
I 
I 
' 
I I lverage 7650 
I 
I 
I 
I 
Initial Stress in 
steel steel at 
stress transf'er• 
' 
k.s<ti .. k.s~i .. 
180 168 .. 7 
179 168.4 
180 163.7 
181 173 .. 5 
·181 172 .. 5 
180 169 .. 1 
I 
~ 
----- --r--~~ 
Strains in Cc .. Cl.,ei.~(; 
Elastic I c 
shortening 1 
shr 
in/in ir 
·~----=-t~ 
' 
.. 000173 r oL 
.. 000180 • oc 
- I 
.. 000180 .. oc 
.000180 • oc 
.,000178 "oc 
= 
e:p I Total Loss of I Final 
mc1 1 stress inj steel 
~age 1 steel 1 stress 
I ·i I. ' . I , . 
-=---L:·n, :1n K .. s .. 2,. l-::_s .. ~ .. 
.)25 I ~000498 
.)02 0000481 
I 
235 I e 000415 
2e3 1 .,ooo463 
I 
2~61. 000464 
I 
14 .. 7 
14 .. 2 
12 .. 2 
13 .. 7 
13.7 
115L!-~O 
'154. 2 
161 .. 3 
158 .. 8 
155 .. 4 
Table 4.2. Estimated Prestress Losses for the Beams Casto 
Stress 
in 
concret 
:fla S,. J ... 
690 
690 
720 
710 
700 
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The five beams were all tested as simply supported 
beams over a span of 120" and equal transverse vertical loads 
were applied 10" on each side of the centre line of the beam t 
give a 20 ., zone of pure flexure as shown in fig. 5, 1. The lar. 
Elhear spans were necessary to reduce both the shear-bond stres 
and the possibility of a shear failure since no stirrups were 
used., Beams 1 and 2 were tested statically while Beams 3, 4, 
5 were tested dynamically. 
5.26 ~11L1· 
5. 2. ·1. ~g,ed~. 
Beam ·1 was tested statlcally in th0 te ::.; ting frame sho· 
in Plate 12. The beam was loaded in approximately equal increm• 
Plate 12. Tl~STING FRAME for Static Test;3. 
Plate 13. SCREW JACK LOAD~CELL LOADING SYSTEMo Al so shows 
Beam 1 after failure. 
of load until f'ailur•e occul~red. The load to the beam was 
applied by a screw jack, through a load cell and steel 
distribution beam as shown in Plate 13, and was measured by a 
Budd-Strain Indicator connected ·to ~he load cello Deflection 
gauges were placecl at 10" intervals ·along the beam in ordez: 
that the load-deflection relationships and the deflected shape 
of the beam could be determined and to fj.nd the optimum 
I 
positions for the three deflection gauges which'were to be used 
in the dynamic tests. Demec points for• strain readings were 
plc-wccl on both f;;h;er; of the boom on ~:;.hov·.:n :i.n :i:i.t; . 5,2, ~n1.cl l)ci ~ tcc 
points for 1L~ / 211 gauge lengths were olso placed on the top 
face of the beam above the zone of pure flexure. Demec gauge 
lengths were placed on the temperature control block to enable 
corrections to be made for temperature changes during the test. 
The deflection gauges were read and the position and length of 
the cracks were marked at all increments of loacl but the Demeo 
ga.uges were read at selected load increments only, 
5.2,2. Results. 
The results are shown in fig, 5. 3 - 5.L~ and Tables 
0.5.1 - 0~5.3. The beam failed in flexure after large strains 
in the ,steel had caused a lift of the neutral axis leading 
to crushing of the concrete in the rn~ion ~lo~e a cracko 
Although failure occurred within the · zone of pure flexure there 
were a number of diagonal shear_ craclcs, originating from tension 
eraelcs at the bottom face of the beam, which could have been 
critical if the flexural strength had been h:Lgher~ The 
estim.ated ultj.mate momc;;nt, wh:i.ch is discussed in section 6. 7, 
was 84.4 Kip-ins and the actual ultimate moment was 88.7 Kip-
ins., The lower estimated failing moment could be. attributed 
to the low assumed value for the maximum strain in the top 
compressive fibre as the results show that the actual maximum 
strain was larger. 
5o3o Beam 2. 
5.3.1. Proced~re. 
The beam was tested in the testing f rame used for 
Beam 1, however there were a. few minor additions to the apparatus 
I · I 
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·. I. ·. 
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to enab le the beam to be loaded in the reverse , i.e. upward, 
d1rection without turning the beam upside clown and these are 
sho~1 in Plates 14 and 15. The screw-jack - load cell system 
was used for applying the positive, i.e. clovmv'lard, load while 
the hydraulic jack shown in Plate 14, which was operated by a 
Reihle hydraulic testing machine , was used to apply the negative~ 
i.e. upward, load. Deflection gauges were mounted at 10" 
intervals over the central .80" of the beam 3nd ot the supports , 
the gauges at the ends were used to measure the vertical 
movement of the beam at the supports while it was being lo~ded 
.. 
upwards. Demeo poirits for 22 / 4"··. gauge lengths were mounted 
on each side of the beam in the positions shown in fig . 5.5 
~md points for one gauge length were also mounted on the 
temperature control block •• The beam took two days to test. 
The sequence of loading was as follows: 
Load in increments to +1790 lbs Total moment 50.2 kip-ins 
(i.e. 59% of M-u) 
release 
Load in increments to -2100 lbs Total moment -47.0 kip-ins 
(55% of Mu) 
release 
Completion of first cycle 
Load in increment to 2430 lbs Total moment 66o2 kip-ins 
(78% of Mu) 
release 
End of first day of testing 
Load in incremen ts t o -2700 lbs Total 1;1oment -62.0 kip-ins 
(73% of Mu) 
release 
Completion of second cycle 
Load in increments to failure 
N.B. (1) The total moment shown above includes the effect 
of weight of the beam. 
(2) Mu is the estimate ultimate moment. 
At each increment of load the dial gauges were l"~ead and the 
· position anP. length of the .cracks were marked on the sides of 
the beam; however , the Demec gauges were reod at selected load 
increments only. In all cases the load was J:>eleased directly 
to zero without any intermediate readings being taken. A full 
set of dial gauge readings and Demec gauges readings were 
taken after each half cycle when there was no load on the beam. 
5. 3 • 2 • Results. 
The results are · shown in fig. 5.6. and Tables 0.5.4-
The beam failed in flexure in a similar manner to 
that of beam 1; diagonal tension cracks developed to the same 
extent and it would appear that the reversed loading and cracks 
across the compression zone had no significant effect on the 
ultimate load properties of the beam. The bending moment at 
failure was 87.2 Kip-ins which was slightly lower than the 
ultimate moment for Beam 1 but this is within the range of 
the experimental error for the beams. The estimated ultimate 
moment was 87.3 Kip-ins. 
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Plate 14. HYDRAULIC JACK for applying negative load to 
Beam 2 • 
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Pla'te 15. END SUPPORT FOR BEAM 2., The vertical tie bars and 
bearing plates and rollers were added f qr the test on Beam 2~ 
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5.4. Beam 3. 
5.4.1. Procedure. 
72. 
Beam 3 was the first beam to be tested dynamically and 
one of the primary purposes of the beam was to test the dynamic 
testing equipment. The beam was removed from the fog room after 
67 days and the first dynamic tests were made after 92 days. The 
fatigue test was made at 98 days and the beom was tested to 
failure statically 102 days after it was poured, The beam was 
supported in the Dynamic Loading Unit a:s shown in fig. 5.7 and 
the deflection gauges were mounted on the centre of the width 
of the top face in the positions shown. No Demec gauges were 
used. When the concrete beam was being connected to the 
distribution beam of the Loading Unit care was taken to ensure 
that no additional loads were applied to the l)eam. During all 
the dynamic tests a continuous record of the range of load and 
the deflections was made by the oscilloscr~?t• 
I 
The el astic range tests were made at the three frequencies 
of ~' J·, 1~ c.p.s. respectively and the magnitude of the maximum 
applied load during each test was increased from zero to the 
order of 1000 lbs in five approximately equal increments. 
· During a test the number of cycles . of load at each increment was 
the same although the number was varied for the different tests. 
Dial gaug~s mounted on frames constructed from deEion angle were 
placed at the ends of the beam as shown in ~late 4 to measure 
.· 
the vertical movement of the beam in the sh\}pports. 
The magnitude of the mean ·maximum load in the fatigue 
test was 2360 lbs and the resulting moment was 59 .0 Kip-ins 
73. 
which was 7Cf'/o of' the estimated static ultimate moment. The 
applied load was increased ·~ to the maximw11 load for the test in 
five increments and was maintained constant for the remainder 
of the testo The testing frequency was 1 c.p.s. and the test 
was stopped after 9460 cycles. During the test there was a 
power failure which forced a rest period of 75 minutes. It 
.. 
was also necessary to stopvthe test at predetermined intervals 
; 
to allow the position and length of' the Cl"'acks to be marked on 
the faces of' the beam; stops were made at 910 cycles, 1380 
cycles·, 2890 cycles and 6670 cycles. The first stop i.e. at 
910 cycles, was made approximately 50 cycles after the maximum 
load for the test was first applied and the last stop was that 
caused by the power failUl"'e. 
After -~he dynamic tests the beam was loaded to failure 
statically. For the static test the be~1 was left in the supports 
of the Dynamic Loading Unit while the distribution beam and load 
cell were disconnected and -· removed from the Loading Unit. The 
deflection gauges were also removed and repi~ced by dial gauges 
for the static test. A testing fram~ which was sufficiently 
wide to span the Dynamic Loading Unit was used to provide the 
support for the hydraulic jack used to load the beam as shown 
in Plate 16. The hydraulic jack was connected to the Rej_hle 
testing machine and. in the test the concrete beam was loaded1 
.> 
through a steel distributi.on beam, in 300 lb increments until 
failure occurred. At each increment of' 1oad dial gauge readings 
were taken and the length and position of any new crack9 or . 
extension of any existing crack, was marked on the face of the 
beamo 
' 74. 
Plate 16 BEAM 3 after failure in the Static Test.. The dial 
g~~ges for measuring the Deflection have been removec 
but otherwise the plate shows the conditions for the 
Static Test. 
5.4.2. Results. 
The results are Bhovvn in fig., 5$8 - 5G 10 and Tables 
The Load- Deflection envelope for the beam shown in 
fig. 5.,8 shows the relationship between the average maximum 
load acting on the beam and the central d.ef'lection and. does 
(
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not give any indication of the shape of the Load-Deflection 
curves for the beam under the a·ction of cyclic loading. The 
value o·r the average load includes the effect of the w~igh t pf 
t he beam end· t he deflection is half the total range of deflection. 
The beam failed due to crushing of the concrete in the 
compression zone but the primary cause o:r the failure was due 
to a combination of excessive elongation of t he steel and a 
local brealcdown of the steel-concrete bond~ adjacent to the 
cr itical crack. As failure was approached it could be seen 
that the crack above which failure subsequently occurred was 
much wider than the critical cracks in the two statically 
tested beams. 
5.5.1 . Procedure. 
Beam 4 was tested dynamically and statically by 
simi iar procedures to those used for Beam 3. The ~ynamic testing 
was started on the 28th day after the beam wa s cast and completed 
the following day; the static test to failure was made on the 
31st day af'ter the beam was cast . T·he setting up procedure for 
the dynam:i.c tests was s imilar t? that for Beam 3, although there 
was a small change in the support condition .: which is shown in 
fig. 5.11 .. Demec points for· 15 / 4n gauge l engths .on each side 
. .... ' 
of the beai19 positioned as shown in fig, .5.12, were used and the 
zeros were .talcen before the . dynamic testing was started. Demec 
points were also placed on the temperatur~ control block; and 
readings from this gauge length allowed cox•rections to be made 
for temperature changes during the test and also for any 
shrinkage which occurred over the four days of the test . 
79. 
The frequenc~es of the elastic range tests were 1, 1i, 
and ! CoPoSo respectively but otherwise the tests were as for 
Beam 3. 
The magnitude of the mean maximum applied load in the 
fatigue test was 2670 lb. resulting in a moment of 66.7 Kip-ins, 
which was 80% of the estimated ultimate moment. The testing 
frequency was 1 CoPes~ and the load was increased to the maximum 
for the test 'in five increments of approximately 190 cycles. 
Stops_ to mark the length and position of the cracks was made 
after 1200 cycles 9 1800 cycles, and 7680 cycles; the first 
stop_being 170 cycles after the maximum load for the test was 
. . 
first appliedo The test was stopped after99.00 cycles of load 
and at this stage it appeared that the beam was approaching 
failure; the top face of the beam at this stage is shown in 
Plate _17. 
For the static test the beam was left in the Dynamic 
Loading Unit supports while the distribution beam and load cell 
were uncoupled and removed as for Beam 3. The deflection gauges 
were also removed and replaced b¥ dial gauges. The load to the 
beam was applied by a screw jack acting through a load cell and 
dist~ibution beam and the support conditions were the same as 
for the dynamic testso The load oell was connected to the Budd 
strain indicator from which the load could be obtained and the 
beam was loaded in approximately equal increments until failure 
occurred. At each increment of load the dial gauges were read 
and the length and position of any new cracks, or extension of 
the existing cracks, were markedo However, t4e Demeo gauge 
80. 
Plate 17.. CRUSHING ON TOP FACE OF BEAM 4 following fatigue 
test. 
readings were only taken ·at ~elected increments of load. 
5 .. 5. 2. Results . 
The results are shown in fig. 5.13 - 5.16 and Tables 
G. 5.9 - C. 5 .. 12. 
Failure of the beam in the static test was caused by 
the fracture of one of the lower wires.. As there were no 
stirrups it was possible to check for the fracture of a wire 
with a high resistance meter and when the beam was broken up 
the position of the fracture was found to be at the widest 
crack.. Very large 9 apparent' strains were obtained from the · 
- -
Demec gauge readings for the gauge lengths across the critical 
crack which indicated a break down of the steel- concrete bond 
in the region adjacent to the crack. It was also found that 
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4 DEMEO GAU~E POSITIONS ON BEAM 5 
the surface of the fractured wire over the region where the 
fracture occurred was badly rusted and pitted. The total moment 
at ·failure was slightly .less than the moment applied in the 
dynamic test, but the deflection of the beam was slightly greater 
and this could possibly be due to creep and the loss of bond. 
The moment at failure was 59.2 Kip-ins and the estimated ultimate 
moment was 83 .. 5 Kip-ins.·· 
5. 6. Beam 5. 
5.6.1. Procedureo 
The procedure for testing Beam 5 was the same as for 
Beam 4 with the exceptio.n. of the changes recOl"ded below. Four 
sets of 4" Demec gauge lengths placed on both sides of the beam a1 
shown in fig. 5.17 and . on the temperature control block were 
used; the zeros were . taken before the s·!ica.r-p of the dynamic 
testing. 
In t .he elastic range test~ the speeds were 1!, i, 1 
and 2 c.p. s .. respectively and for the fa·higue tes·!i the mean 
maximum applied load was~870 lb. with a range of 2690 lb -
2990 lb. The mean resulting moment was 89% of the estimated 
ultimate moment which was 81.0 Kip-ins. ·.S~ops to mark the 
cracks were made a t 1680 cycles, which. was 70 cycles before the 
application of full load, and at ~280 cycles. The test was 
J, 
stopped after 2440 cycles when failure was inuninent. 
The static"test procedure was as for Beam .4 .. 
5.6.2. Results. 
The results are shown in figs. 5.18 - 5 .. 21 and T~bles 
0. 5. 13 - 0 " 5. 16. 
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During the fatigue test before the first stop a large 
shear crack, shown in fig .. 5 .. 22 (a)p developed at the centre of 
the shear span and threatened to cause a premature failure. 
When. the test was stopped, at 1680 cycles, two external stirrups 
were placed around the beam as shown in fig,. 5~ 22 (a). When 
the test was restarted the creeks developed as shown in fig,. 
5 .. ?.2 (b) and at the second stop the stirrupc were shifted to 
the position shovm in f'igo 5 .. 22 (b). A short length of 2" x ~" 
flat bar was also placed or~ t.he bottom face of the beam to act 
as additional reinforcement and to prevent the cracks from 
opening. The second arrangement proved to be satisfactory and 
no further difficulties were experienced from these cracks 
during the remainder of the fatigue test and dur~ng the static 
rest.. The reason for the development of' tbc t shear•, cracks i.s 
unlmown .. 
The fatigue test was stopped when a horizontal crack 
appeared approximately ~n below ·the top surface of the beam9 
as shown in Plate 18 9 and tending to lift a wedge of' concrete 
out of the top surface of the beam. At this stage the beam 
I 
could not have sustained many more cycles of load without f ·ailing, 
In the Static Test the beam failed when a section of' 
the compression zone of the concre·te lif'ted out., It is likely 
that the primary cause of failur•e was due to large strains · in 
the steel which9 du:r.•in.g the fatigue test, caused a loss of 
flexural bond close to the cracks and an overall reduction of 
the flexural bond strength over the remaining length of' the 
wire within the zone of pure flexure.. Hence during the static 
92. 
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Plate 18o CRUSHING ON TOP FACE OF BEAM. 5 following fatigue 
test. 
test the large strains in the wire and the loss of bond would 
have caused an uplift of the neutral axis which led to the 
lifting out of the wedge of concreteo 
the static test was 63.3 Kip-ins. 
The maximum moment in 
93o 
6 • . ANALYSIS OF RESULTS. 
6.1. ~odulus of Elasti~~· 
Wi ·thin the elastic range of' prestressed concrete beams 
the prope~t.ies of the concrete will almost completely control 
the behaviour of' the beams with the propertie s of' the steel 
having practically no influence. Consequently the elastic flexural 
s'b1f'fness of a beam is proportional to the modulus of' elasticity 
. ·• 
of' ·bhe concrete (E) and the second moment of area (I) of the 
transformed section. 
Therefore the stiffness 
of' a series of' beams 
which have equal second 
moments of' area will be 
proportional to the 
modulus of elas~icity 
of the concreteo 
42o"t-
C- -·-120''-- -.. t 
Fig. 6~1. Bending Moment 
Diagram. 
To calculate the modulus of elasticity of' the concrete 
in the beams tested j_ t was assumed that the beams were slender 
elastic members. The analysis which is presented below was based 
on the shape of the Bending Moment Diagram :produced by the 
applied l;oads and shown in fig. 6.1. 
M = R. X - [ R (x- 50) J •••• . 6 .. 1 
as 
d2y 
-
= 
M 
dx2 E I 
eqllation 6.1 becomes 
M = 1 
E I 
94 .. 
( R., X - [R (x ~ 50) J ) 6.,2 
integrating 6 .. 2 twice and as dy = 0 when X = 60 
dx 
and y = 0 when ~ = 0 
R ( 1750.x + [(x 50) 3] - X 3 y 
-
E I 6 6 
Considering increments of def'J.ection and J.oa<l and also 
transposing equat ion 6 .. 3 becomes 
E = 
where dR = 
dy = 
X = 
dR 
dy 
1 
I 
increment 
( 1750. x + [ (x ~ 5°) 3] -
6 
of reaction at the support 
increment of deflection at any position 
distance from the posi 'tion cons i de red to 
nearest support 
b y putt ing f' (x) 1750.x + [(x ~ 50)3 J ~ = 
6 
equa tion 6.,4 becomes 
E dR f(x) = 
• --dy I 
.... 0 6 .. 3 
.. $. 6.4 
the 
••• 6.5 
For· the beams tested the value of I for the t ransformed section 
was 116 and assumes a modular ratio of 5 .. 5 f or the steel and 
concrete. 
The values o:f £!L, for the positions along the beam were 
dy 
found by drawing graphs of Load versus Deflection for the elastic 
range of behaviour as shown in fige 5 .. 3 (b) .• 
The calculations for the values of the modulus of 
elasticity are shown in Tables D .. 6 .. 1 ;; D.6 .. 5 and are summarized 
in Table 6.1. 
·cylinder Modulus 
Beam Testing· crushing of Standard E Nuniber Frequency strength Elastigity Deviation 
c .. p. s. of concrete X 10- Estatic 
~ 
p ... s ... i .. p. s.,i ... 
1 static 7930 5 .. 01 .. 96 
2 stat;ic 8010 5 .. 43 .13 1,04 
.....-..=.,. .• -
··--------1-------
3 1 8340 5 .. 84 .. 13 1.12 2 
1 6e 19 8 23 1 .. 19 
1i 2 6 .. 16 .. 23 1 .. 18 
,._.._ .. .........,.. 1- ········~~-·~---~-~- .q=---· 
4 i 7400 5 .. 84 e 14 1 .. 12 
1 5o94 .21 1.14 
1i 5 .. 81 .. 23 1.11 
5 1 6680 6 .. 01 .,1.8 1 .. 15 2 
1 6.28 "10 1 .. 20 
1i .~ 6~ 16 .14 1 .. 18 
2 · 5o96 .. 33 1. •14 
- --
fo>--·~ 
Average static 7970 5 .. 22 1 .. oo 
Values 1 7440 5 .. 90 .. 17 1 .. 13 2 
1 7440 6.14 .. 2Lj. 1..17 
1i 7440 6 .. 02 .. 26 1o15 
2 7440 5 .. 96 .. 33 L14 
.. ~~.,.._,..,_._,._.~=- -~------~--~~""-- _,......~ ..,.,,..,. 
-·· 
Table 6.1. Values of the Elastic Modulus for Concrete .. 
6.~ 2. Moment -· Curvature RelationshiJ2~ .. 
The cur·vatures of the beams at each increment of load 
whe:t•e Demec gauge readings were taken~ were found from the 
a~erage of the strains on the two faces of the beams shown in 
Tables C .. 5.,2~ 0 .. 5 .. 5, Co5.12 and 0 .. 5 .. 16, Graphs of the 
distribution of strain across the face of the beam were drawn 
to find the depth ·to th~ . Neut:r;>al Axis? lcu,.d' and the strain in 
the top compressj.ve fibre~ e 09 as shown in figo 6. 2 (and also 
figs. 5o 16 an<?- _ 5 .. 21 )o Over the .:compression zone it was assumed 
,. . 
that plan,~ sections l"emain.ed plane., The cUl"vature .,.c;t a section 
;. 
is ¢ where 
= 0 0 • 6o6 
The results are shown in Tables~, De6 .6~ 
- D.6.9 :.#nd in f'igso 6.,3 - 6o7e 
., -
6.3, Du.cti.li~. 
The ductility of a b.eam is a measure of' its plasticity 
_'.,• 
and the ductility of prestressed concrete beams may be defined 
as uthe ratio of the deflection~ of the beam at a particule.r load 
t;o the deflection, under similar• loading con.di tionsp at the 
flexural cracking load; the flexural cracking load being the load 
at which the beam will start to crack if the modulus of rupture 
of the concrete is 10% of the cylinder crushing strengtho" The 
ductility of.a beam at the failure load is normally referred to 
~ J. ·: I 
as the uductility ·factor". The ductility of the beams tested is 
<;, 
shown in Table 6o2• 
The maximum ductility of Beams 4 and 5 were 11 and 12 
respectively and since both these beams were close to failure 
when the fatigue tests were stopped it is probable that the 
ductility factors would have been only slightly greater and thus 
would have been of the same order as the ductility :fac·bors of 
the two statically tested beamso 
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Beam Number 1 2 3 4 5 
I 
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f-·----
Flexural 
1690 1600 cracking 1700 1730 1750 
load (lbs) 
-
Deflection 
at 
.. 16 e13 o095 8 090 o073 
craclcinr (inches 
I 
Maximum 
Deflection 2~3 10 9 2.2 0 91 1 .. 79 
(inches) 
Ductility 14. 15 
-
... ~ 
Factor 
~ 
- --··--- - ---- ---·--
Maximum 
Dynamic 
- -
2360 2670 2870 Load. (lbs) 
~-·-... :... .. ___ 
--·--· .. 
···- ·- ·~ 
____ ., ... _-
. ~. - -·-- I-- · ·· 
Maximum 
Dynamic 
-
... o39 1 ~ 02 .87 Deflection 
(inches) 
Maximum 
- = 4 11 12 Ductility .. 
~-- - -~ 
Table 6., 2 Duetili ty of Beams., 
6.4. BQsonant Fre~t~nsy 
For a slender elastic beam the nodal frequencies are 
given by 
:r.n = 
o e o o 
reference 30 
where 
E 
m 
L 
101 0 
fl"'equency of the nth mode of vibration (c. Pes .. ) 
second moment of area of the transformed 
cross-section (in4) 
modulus of elasticity for concrete (p. s .. L) 
- mass of the beam per 1.mj.t length (1b-sec/in2) 
leng-th of the beam betvveen supports (in) 
- a constant whi'ch is a function of the support 
conditions and the mode of vibration 
The formula assumes the normal assurnptionsassociated 
with the elastic analysis of beams and also that the horizontal 
inertia forces due to the shortening and lengthing of the 
longitudinal fibres of the beam are negligible. For the beams 
tested the frequency of the fir?t mode of vibration was calculated 
to be 34 c.p.s. assuming: C8 = 1o57, (see fig~ 5e8 of reference 
30) I= 116~ E = 5,300,000 PoBoL As the greatest testing 
frequency· was 2 c.p. s., it may be shown that the dynamic response 
of i;he beams to the forced motj.on was negligil)J.e even when the 
damping was assumed to be zero. 
6.,5.. Inertia. 
When a beam is s'lib jected to cyclic lomling a portion 
of the applied force is requir•ed to accelePate the mass of the 
beam while the remainder is absorbed by the normal " static" 
resistonce to deformation. The portion of' t he load absorbed 
by the acceleration of the beam is referred to as the inertia 
of the .beam .. 
Consider the small element of a beam shown in fig., 6e8 9 
length dx~ weight w9 9 which is subjected to a forced sinusoidal 
motion of' frequency F and maximum o.isplaceE1ent y. 
The maximum acceler•etion is y 
where y 2 = -n Y 
and n is the circular frequency 
therefore y = ~41T 6.8 
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dx Since Force = mass x acceleration r _, + the maximum inertial force for the element 
i s P~ 
where 
now m = w' .dx 
g Fig. 6 .. 8 Element of 
= a beam~ 
g 
where w ia the weight per unit volume of the beam. 
A is the cross-sectional area of the beam. 
and therefore p9 = ~ w.&_illf L~ F2y ~ • 0 10 8 6.10 
g 
For the complete beam the inertial load is pi 
where 2 =· -4 lT F vr.A 
g 
r y.c1x 
For the beams tested 
= ., 2.5 F y. d:x: 2/ 
assuming w - 152 
·Therefore the inertial load on a beam i .s proportional 
to the mass of the bearn9 the square of the testing frequency and 
the deflected shape of· the beame The distribution of the inertial 
load along the beam will 'be identical to the c1ef'lectec1 shape o:e 
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the beam. 
If only the inertial load is considered to act on the 
beams .tested9 as shown in fig 6o9 (a) 9 it may be seen that the 
beam effectively becomes a three span beam with the two points 
at which the load is applied becoming the a.dditional two supports., 
Therefore the inertial load will be resisted at four points and 
the overall effect will cause an increase of the load applied 
by the Dynamic Loading Unit and a decrease of the reactions 
at the external supportsu· 
From the results of the test on Beam 1 it may be seen 
in fig 6o9 (b) that a linear distribution of load in the shear 
spans and a uniform distribution of load :Ln the zone of pure 
:flexure is a reasonable approximation to the actual deflected 
shapee The reactions at the four points at which the inertial 
load was resisted were calculated from the assumed load 
distribution by moment distribution methods and it was found 
·that 76% of the inertial load would have been applied through 
the load-cell while 24% was resisted by the end supportso As 
the distribution beam on the Dynamic Loading Unit oscillated 
with the concrete beam a portion of the total :force registered 
by the loa.d-cell would have been absorb eel. by the inertia of 
the distribution beam which weighed 65 lbs.o 
To estimate the inertial :forces applied through the 
load-cell the deflected shapes of the beam for the elastic 
and :fatigue tests were assumed as indicated in Table 6.~. _ The 
value of jYodX was calculated and substituted into equation 
6o12 to give the total inertial load due to the prestressed 
l)eam only which Yvss distributed to the central loading points 
and the external supports in the ratio shovrn in fig. 6.9 (b). 
The inertial load of the distribution beam was found using 
equation 6.9 and was added to the inertial load of the concrete 
lJ e mn applied by the load-cell to give the total increase of 
the applied load due to inertia. The results are shown in 
Table 6.3. 
------
Fatigue Test Elastic Range Test 
·Tests 
i• 
y = f(y)1.5 y = f(y)2 Assumed 
Def'lected 
' Shape. 
-1-- - ----~ ~ ~-
Maximum 
.!_ ~ 1 ... 05 . 05 0 05 D.eflection 2 4 -
~~: (ins) 
1i Testing 1 1 1 1 2 Fl~equency 
(c.p.s.) 
...... 
I 
; Total Beam 
9 14 18 1. 1 2.5 4.5 Inertial 
Load (lbs.) 
-
-~-·· - -- - ..... - ..... -- ---...- ·--
Beam Inertial 
7 11 14 .8 1.9 3.5 Load resisted 
by Load Cell 
(lbs o) 
Inertial 
5 7 10 .5 1.2 2o0 :force absorbed 
by Distribution 
Beam (lb s. ) 
- -
1---- · ·-~--- f-··-·- · - · · ··- ----··-- · 
Total Inertial 
12 18 24 1.3 3.1 5 .. 5 Load resisted by Load cell 
(lbs. ) 
Table 6.3. Inertial Loads on Beams. 
12% 
Deflected 
shape of 
Beam 1 
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load 
distribution 
(a) 
(b) 
38% 
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distribution for 
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Fig. 6. 9 DISTRIBU'riON OF INERTIAL: LO.AD 
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Fig. 6.10 RATIO OF STEEL AND CONCRETE STRESSES IN BEAMS 
TO ULTIMATE STRESSES OF STEEL AND CONCRETE 
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696.. Analysis o~ Stresses in Beams., 
After the stress losses in the five beams had been 
evaluated an average beam was derived and. is shown in Table 4.,2. 
'l1his aver•age beam hnr-; b<':on analysed to deteJ.:>mine the order o~ 
the steel stresses and the maximum compressive stresses in the 
concrete., The results are shown in ~ig. 6.10 and Table D .. 6 .. 10 .. 
The analysis was based on the stress-strain properties 
of the concrete and steel shown in ~igs. L1 .• 2 ::md 4. 3 and. the 
~ollowing assumptions were made: 
1 .. Plane sections remain planeo 
2.. The concrete carries no tension after the craclcs 
have developed. 
3. Full bond is achieved at all time s ~ 
, -.)M_- ---
--r-- -
c = k1 .1c3 .. f c .. ku d., b 
T1 = ~s1 As and T2 
T 
- T1 .. :. T2 
= 
t--
---·~~~ _- - -
kuod 
~s2 As 
• ~ o e o 6 .. 13 
• f) •• & 6.1~ 
• c •• 6., 15 
M = T1 (5o25 - kud) + T2 (1. 75 M k d) •• 0 6.16 u 
Fig .. 6 . 11 Moments and Foi.~ces a.cting over [1 3oction 
.·,! 
of a beamo 
c 
The trial and error method adopted to analyze the beam 
is outlined below using the notation shown ··above in fig .. 6.11. 
1 .. Assume a value for the strain in the extreme compression 
fibre of the concrete (ec) due to the unknown load. 
2. Assume a depth of the compression zone (k11d). 
3., Calculate the compressive force (c:) acting on the section 
using equation 6e10; the value of the coefficients k 19 k3 ~ 
which are ~hown and explained in Appendix B, were derived 
from the stress-strain curve for the concrete shown in 
4-. From com:patibili ty consiclerations estinwte the imposed 
strains in the steel due ·to the applied load and add to 
the strain due ·to the :prestressing fOl'~ceso 
5. From the total steel strains and using the stress-strai~. 
curve for the steel shown in fig., 4 .. 2 find the individual 
stresses in the wiresc Using equationo G. 1l+ ~mcl6. 1 .5 
find ·the total tensile force T acting on the section .. 
6.(a) If the tensile and compressive forces ar~ unequal, i.eo 
C I T ~ adjust the depth of the compres::hon zone and 
repeat st·e:ps (2) - ( 5)., 
(b) If the tensile and com:pressi ve fol"ces are equal L e., 
C = T, calculate the moment acting on the section using 
equation 6 .. 16. Finally calculate the applied load from 
the known loading condi tionso 
7.. Assume a new value for the compressive strain in the 
extreme concrete fibre, e0 , and repeat steps 2 - 6. 
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6o7• Ultimate Strength of Beams. 
The calculation of the ultimate moments for each of the 
beams wa s based on the stress-straj.n. r e l ation ships for the s·~eel 
and. concrete and on the three assumption o outl ined for the 
analysis of the stres ses in the average b eam and stated in 
section 6.5o To calculate the ultimate moment the maximum 
compress:i.ve s t rain in the extreme compressive concrete fibre 
was assumed to be .0029; this assumption being based on the 
results of Hognestad, Hanson and McHenry28• The procedure 
for calculating the ultimate moment followed steps (2) - (6) 
for analyzing the s t res ses in the beam. The ultimate moments 
of the b eams are showri in Table 6.4o 
Number Concrete Steel Es tj.mated 
of Strength Prestx•ess Ul timate 
Beam P•Soie lc. s .io Moment 
Kip-ins. 
1 7840 154 84.4 
2 8010 154 84 .. 9 
3 8340 - 84o8 
4 7400 161 83.5 
5 6680 159 81o0 
Table 6 .. 4 Ultimate Momen.t s of Beams. 
1 09o 
7" nrscuss:gme 
.... 
7 o1 ~ .Introduction" 
Previous research has shown that there will be a wide 
range of results from fatigue tests on concrete specimens and 
that the range is likely to be greate:r than the range produced 
in ·normal static testso Concrete is not unique in this a.s the 
results of fatigue tests on steel and other materials indicate 
a. similar trendo Recent resear·ch on the propertie~::: of 1)l:;:in 
concrete, reinforced concrete and prestressed concrete has 
therefore tended towards testing a large number of .specimens and 
subjecting the results to a. rigorous statistical analysis to 
obtain reliable quantitative resultso However, as Qnly three 
beruns .were tested dynamically it was possible to study only the 
general qualitative flexural properties and behaviour of pre-
stressed concrete beams when subjected to reversed cyclic loading 
within the elasti'? range and at high intensities of loading. 
I 
7 .. 2. _Erimar;y ,static ~ts .. Beams 1 and 2., 
The load deflection CUl"'Ves for prestressed concrete 
beams normally exhibit three stages of behaviour. The first 
stage is practically linear with the upper limit being at the 
load when flexural oracles begin to form at the tension face., 
The second stage continues until the steel begins to yield and 
is characterized by the rapidly changing slope of the load -
deflecti9n curveo The third stage continues from the yielding 
" 
of the steel until failure occurs and is the portion of the load -
.. 
defl~ction curve where there is a decreasing rate of ch~ge of 
slope with the curve becoming almost linear as failure is 
11 o. 
approached., 
Beam 1 of' the 'test ser•ies exhibited all three stages of: 
behaviour with the li.mi ts for the three regions being cl9se to 
those predicted analytically. The limit for the end of the 
second stage was taken as bei.ng when the steel in the lower portion 
of the beam reached the limit of' proportionality. The load 
deflection curves for Beam 2 showed similar characteristics. 
Both beams had relatively long elastic~ i.e. linear, and plastico 
For• both Beams 1 and 2 small cracks became vi si'ble under 
magnifying glasses (Magn.ifi~ation 20 X9 10 X,) at considerably 
lower :J_oacls than those predicted by a modulus of rupture of' 
1Q% of the cylinder crushing strength of' the concrete. It is 
thought that large shrinkage strains developed in the concrete 
during the 6 day period bef'ore the beam was stressed and caused 
suf'f'iciently large stresses which led to the -development of 
small hairline crackso Furthermore it is likely that these cracks 
were relatively shallow and dj.d no·t penetrate to the depth of' the 
prestressing steel. When the beam was stressed the cracks closed 
but reopened when the beams were ·tested and became visible at 
loads slightly greater than the loads corresponding to zero stress 
in the bottom f'ibreo At higher loads some of' these cracks 
developed into normal flexural cracks 9 some closed and in one 
case a flexural crack s·~arted within an inch of the shrinkage 
crack which reclosedo Similar shrinlcage oracles also occurred 
in the beams tested dynamically. 
. The presence of cracks across the compression zone of' 
Beam 2 did not appeal .. to cause any changes in ·either the mode 
111o 
of failure 9 which was primary tension for both Beams 1 and 2, or 
in the ultimate load. The estimated ultimate load was lower than 
the actual ultimate load for both beams because the assumed value 
of the strain in the extreme compressive fibre was less than the 
actual strain. at failure. Hence for the beams tested the depth 
of the compression zone was l ess than predicted and although the 
change of the compression and tension forces on the section would 
have been negligible a small increase of the internal lever arms 
would have led ·~o the slightly larger ultimate moments. 
7 .. 3~ ,P,;mamic Elastig,_Range Test..§• Beams 3 9 4 and 5. 
7.3.1 . General. 
The calculated modulu~ of elasticity for the 
concrete in the beams tested dynamically over frequencie~ of ~ -
2 CaP·• s. was an average of 15% greater than the average modulus 
for the two statically tested beams. Since the stiffness of 
prestressed concrete beams is proportional to the elast ic modulus 
of the concrete 9 as discussed in section 6.1, it follows that the 
stiffness of the dynamically tested beams was an average o~ 15% 
greater than the stiffness of the beams tested statically. 
Bate 26 found a similar increase of stiffness, as shown by the 
range of deflection, for prestressed concrete beruns subjected to 
cyclic loading within the working range; however the beams 
tested by. Bate were not subjected to reversals of load. 
The increase of stiffness for the dynamically tested 
beams may be attributed to: 
1. friction at the supports of the beams which produced 
a small degree of end restraint; however, it is unlikely 
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that this accounts for more than a very small portion o:f 
the increase; 
2. an increase of the modulus of elasticity for the concrete 
due to the faster rates of loading; combined with 
3. a change o:f the stress-strain curve :for concrete due to 
the cyclic loading which eliminated the effect of the 
perman.en t strains~;~ 
4. the inertia of the beam which was shown in section 6.5 
to be small during the elastic range tests. 
7.3o 2 ." Concrete Stress-Str~Curv.es for Dynamic ~oading. 
McHenry and Shideler31 in their review o:f the effect o:f 
the rate of loading on the properties of concrete found that 
the modulus of elasticity increased as the rate of loading 
increased and that the increase in the elastic modulus became 
greater as the maximum stress level rose. However, the results 
of the numerous investigations reviewed varied over a wide range 
and the effect of repeated loads was not consideredo 
Leonhardt32 produced the stress-strain curves shown 
in figo 7o1 which shows that the stress-strain curve for concrete 
after the first cycle of load becomes practically linear and 
parallel to the initial tangent modulus for the f irst cycle. 
The figure also shows that the maximum strain incl"eases under 
the action of cyclic loading and it was stated that the cyc~ic 
loading increased the rate of creep. As the maximum concrete 
stresses in the beams during the elastic range tests were 
relatively low and since only a small number of cycles of load 
were applied the creep in the beams would have been negligible 
113. 
and it is possible that ·the maximum strains in the dynamic case 
would have been less than those in the static case. From the 
results of Leonhardt and the review by McHenry and Shideler it 
is probable that the stress-strain curves shown in fig. 7.2 are 
typical for tne concrete in the statically and dynamically tested 
beams. 
The rates of loaaing in the extreme concrete fibres of 
the beams for maximum applied loads of ± 1000 lb at testing 
frequencies of i, 1 9 1ig and 2 c.p.s. were calculated to be 
1530, 3060 9 4590, and 6120 p. s., i .. per sec and the co.rre sponding 
mean rates of loading, because of the stress gradi ent, were 
10ZO, 2040, 3060 9 and 4080 p . s,.i. per sec. ·The mean r a te of 
loading for the static test was of the order .25 p.s. i. per sec., 
and from the graphs produced by McHenry and Shidele~ the increase 
of the elastic modulus for the concrete from the static to the 
dynamic case would have been 5-7%. The increase in the elastic 
modulus for an increase of rate of stressing from 1530 - 6120 
p. s . i . ·per sec .. was small and would have been approximately 2%,. 
Hence it is possible to present one stress-strain curve for the 
.. 
concrete in the beams tested dynamically which ha s an elastic 
modulus for the first cycle 5-·rfo greater than that 'f .or the :a:tatic 
curve . For the subsequent cycles the curve will be approximately 
parallel to the initial tangent modulus of the dynamic curve 
although the permanent strains will tend to increase the maximum 
strain as shown in fig., 7 .. 2. 
7.3.3. Increase of stiffness due to Dynamic Loading. 
By consid~ring the· ?tr.esses and strains i n· the top and 
bottom ·,fibres of .a perun, as :sh~wn in fig., 7,. 3 and assuming that 
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115o 
plane sections remain plane, it will be shown below that the 
range of curvature when the load is applied static~lly is 
greater than half the total range of curvature in the nth cycle. 
The notation used refers to fig . 7.30 
For a statically applied load the change of curvat ure is ¢
8 
es1 , , ¢s where ·-
and 'for the first 
* 
cycle 
curvature is ¢d1 
where ¢d1 = 
ed1 
= 
7. 3 (e) and (f) • . 
¢6 
¢d1 
>1 
t 
+ es1 
D • • • • 7.1 
of a dynamic test the r ange of 
+ t ed1 
D 
•••• 7.2 
• • e • 
as s hown in f i g s. 
•••• 7.4 
For the nth cycle of the dynamic test the total range of curvature 
.whe.re .' jt1 d t ::: t ' 8 d2 + 8 d3 + 8 d3 + 8 d4 
D 
•••• 7.5 
In equation 7.5 it is assumed that the load-deflection curves 
for the 2nd cycle and the nth cycle are parallel as discussed 
in section 7.3.2. 
If in the nth cycle the change of curvature from zel"O load to 
the maximum positive and negative loads is ¢dn 
¢dn = 
¢dt 
then 2 • 6 •• 7. 6 
since ed3 = ed2 and 
t 
ed3 = e' d4 as shown by fig. 7.3 
ed.2 -
t 
¢dn = 
ed.2 
then D 7.7 0 • • • 
¢d1 6 d1 
t 
therefore + ed1 • • • • 7o8 
9Jd.n = 0 6 d3 + 0 d3 
as ed1 > ed3 and t ed1 > t ed3 
> 1 •••• 7.9 
Equation 7.4 shows that the change of curvature of a statically 
tested beam is greater than the change of curvature fo r the same 
range of load during the first cycle of a dynamically test~d 
beam because of the greater modulus of elasticity of the concrete 
in th~ dynamically tested beam. Equation 7.9 shows that the 
range of curvature from zero load to the maximmn load in the 
th 1 . 1 th th t . th f' t 1 b f th n eye e 1s ower an a 1n e 1rs eye e ecause o e 
absence of the effects of the permanent strains. 
The curvature of an elastic beam is inversely prpportional 
to the stiffness and therefore if the range of curvature of a 
-835 .p.s.i 
-565 p.s.i. +200 p. s. 1. 
Tested Stress Stresses 
Beam .at at the 
zero maximum 
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load 
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. Fig. 7.3 STRESS-STRAIN CONDITIONS WITHIN THE AVERAGE BEAM OF THE 
SERIES OF BEAMS TESTED. THE MAGNITUDE OF THJ1J MAXIMUM AND 
MINIMUM LOADS WERE 1000 LBS. 
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beam is reduced the stiffness of the beam is increased. For 
the beams tested dynamically the increase of stiffness was 
approximately 15% and the review by McHenry and Shideler indicates 
that 5-7% of this increase was due to the greater modulus of 
elasticity of the concrete when loaded dynamically while _the 
remainder was principally due to the removal of the effect of 
the permanent strains in the concrete by the cyclic loadingo 
The increase in the s~iffness of the beam due to the 
inertia of the weight of the beam is small 9 as shown in ~able 
6.3, and for the elastic range tests its effect may be 
neglected. 
7.4. Fatigue Tests. 
The results of the tests on the five prestressed concrete 
beams showed that the stiffness of the dynam:i.cally tested beams 
as shown by the range of deflection was greater than that of 
the statically tested beams. The increase of stiffness increased 
as the load increased but there was a limit above which the 
stiffness of t he dynamically tested beams began to decrease. 
This limit was a function of the maximum loads and the number 
of cycles of load. It is interesting to note that Aladapo33 
found that the stiffness of prestressed concrete beams tested 
to failure in o05 seconds by a rapidly applied load, as distinct 
from an impulsive load, was greater over the entire range of 
loading than that of similar beams tested to failure over a 
period of 10 minutes. However, because of the different 
technique s of testing there is very little basis on which 
to compare the resultso 
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The deflection-cycle curves from the fatigue tests on 
the dynamically tested beams show that the rate of increase of 
deflection increased as the maximum loads increased. These 
results indicate that the apparent modulus of elasticity of the 
concrete in the dynamically tested beams 9 as shown by the range 
of deflection9 was initially greater than that of the stat~cally 
tested beams. The effect of the cyclic loading at the higher 
load levels caused the stiffness of the beams to decrease. 
Since the relation?hip between the modulus of elasticity of 
concrete and the stiffness of a cracked prestressed concrete 
beam is complex and practically inderterminate it is not possible 
to determine the effect of the cyclic loading on the elastic 
modulus of the concrete in the beamso Therefore the effect 
of cyclic loading on the stiffness of prestressed concrete 
beams will be discussed rather than the effect of the cyclic 
loading on the modulus of el~sticity of the concrete in the 
beams. 
The load - deflection characteristics of cracked 
prestressed concrete beams reflects the moment - curvature 
properties of the beams over the zone of pure flexure and the 
area of the shear span over which flexural cracking occurs. 
Over the post-elastic ranges the properties of the steel 
influences the behaviour of prestressed concrete beams and as 
t~e load increases the influence of the steel properties on 
the stiffness also increases. Therefore the change in 'the 
stiffness of dynamically l.oaded beams would have been caused 
by a change of the stress-strain relationships of both the 
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concrete and steelo Nevertheless the reasons for the changes 
in the stiffness of the prestressed concrete beams subjected 
to cyclic loading were complex and are difficult to determine 
precisely" 
In the beams tested dynamically the breakdown of the 
steel - concrete bond after the cracks had formed was greater 
than that in the statically tested beams. Also it is probable 
that the permanent strains in the ·concrete and steel~ due to 
creep 9 were greater within. both the concrete and steel of the 
dynamically tested beams. Hence there would have been a loss 
of prestress and a reduction of the stiffness of the beams. 
Unfortunately little is known of the propel"ties of 
the stress- strain curves for either concrete or steel under 
cyclic loading of similar nature to that produced in the beams 
tested dynamically. Therefore it has been necessary to assess 
typical stress-strain curves and apply them. to the beams to 
obtain an indication of the reasons for the changes in the 
stiffness. The mechanisms of the initial increase of stiffness, 
the loss of prestress and the breakdown of the steel - concrete 
bond are discussed in the following sections. 
7.5. Stiffness Under Reversed Cxclic Loading. 
7.5.1 Stress- Strain Curve for S~el under Cyclic Loading. 
Clark and Woodhea~ have shown that there is a substantial 
increase in the yield stress of mild steel when it is rapidly 
loadede For stronger steels with no specific yield point the 
increase in the limit of proportionality appeared. to decrease. 
as the strength of the steel increased but the increase varied 
greatly and tests would be necessary to find the limit of 
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proportionality for a particular steel at higher rates of 
loading ..  
It is also known that strain age hardening and work-
hardening will raise the limit of proportionality of steels 
with the increase, in general 9 being greatest for the lower 
strength steels. Hence it is possible that the effect of 
the higher rate of stressing and the cyclic loading at 
stresses below the normal limit of proportionality increased 
the stress at the limit of proportionality., A typical stress-
strain curve for the prestressing steel is shown in fig. 
7.4 where the off-loading and re- loading curves are assumed 
to be parallel to the elastic portion of the stress-strain 
curve, (in practice there will be a hysteresis effect)., 
It is likely that the concrete surrounding the steel and also 
the prestressing load would have affected the properties of 
the steel and the stress-strain curve .. 
7 .. 5.2 Moment - Curvature Relajjonshipso 
The curvature of a section is a measure of the strains 
produced in the concrete and s~eel within the beam by the 
a.pplied loado Consider the stresses and strains produced 
across the section of prestressed concrete beams during a 
static test and the nth cycle of a dynamic test as shown in 
figo 7o5o In the analysis it is assumed that the bond 
condi tiona are the s ame in both· the stati·c and dynamic cases 
and that plane sections remain plane. 
For the static test the curvatui'e at a particular load 
122 .. 
where 0 0. 7 010 
D' 
. 
and under the same load the curvature in a dynamic test is 
where ¢d 
ecd + esd 
= 
D' 000 7.11 
By combining equations 7.10 and 7 .. 11 and putting 
e - 8 cs - d(eJ cd (j 
and 
esd - ecd = d(es) 
the ratio of the two curvatures will be 
¢d 1 + 
d(ec) + d(es) 
= ~ ecs + ess 
Equation 7.12 may be applied to any section along a 
.. ,. 
beam and if the stress-strain r•e l a tionships for the concrete an!! 
steel under both dynamic and static conditions are known then 
it is possible to find the effect of the fatigue loadi~g. ~he 
above analysis may also be applied to the beams tested as the 
steel in the upper half of the beam resisted only approximately 
·J4% of the positive moments o_n the beam and hence the effect 
of this steel on the behaviour of the beam would have been 
negligible .. 
During the second stage of behaviour of prestressed 
concrete elements, i.e. after the flexural cracks have formed 
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but before the steel yields 9 the difference in the curvatures , 
¢d and ¢s' is caused by the change in the stress-strain curve 
of the concrete which also produces a shift of the neutral 
axis. As the strain in the extreme compression fibre and the 
strain in the steel control the position of the neutral axis 
it follows that the reduction of c~rvature due to the d~1amic 
loading is also influenced by the steel stress. Under normal 
static conditions the steel stress increases as the depth to 
the neutral axis decreases and hence the ratio of the curvatures 
¢d and ¢sg will increase as the depth to the neutral axis 
increases providing the reduction in the concrete strain is 
constant. 
The stress-strain curve for the concrete shown in fig. 
7.5 (c), although idealized, shows tQat the range of strain 
from zero to maximum load is greater for a static test· than, . .:for 
the nth cycle of a dynamic test. Therefore the change in the 
strain, d(e0 ), is negative and as the change of steel st~ain, 
d(es).' is zero 
¢d w; < 1 
During the third stage of behaviour of prestressed 
concrete, i.e. after the steel has yielded, the range of strain 
in 'the steel from zero to maximum load is lower for the dynamic 
case than the static case because of the absence of the effect 
of the permanent strains, see fig. 7. 5 (d). Therefore :the 
change of the range of strain in the steel d(es) . will be 
negative and the ratio of the dynamic and statiu, curvatures will 
1,; 
be reduced further. Since the curvature of a section of 
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a beam is inverse~y __ ~!oportional to the stifness 
of the beam the dynamic stiffness of a prestressed concrete 
beam will b~ greater than the static stiffness. 
The loss of prestress which occurs in prestressed 
concrete beams under cyclic loading will tend to increase the 
range of strains in the concrete and steel. Thus the curvature 
will increase but unless .the loss is large the curvature will 
not increase to that for the static case. 
As the number of.. cycle& in:e-r.eases the concrete in the 
external fibres begins to creep causing a redistribution of 
stress across the section and an increase in the curvature. 
When the load level increases the redistribution of stress 
increases~ the range of curvature increases because of the 
increase in the range of the strains and the stiffness of the 
beam decreases. Since the stress-strain properties of the 
steel and concrete under cyclic loading are very complex and 
generally unknown it is not possible to discuss in greater 
detail the mechanism of the increase of curvature and reduction 
of stiffness of the prestressed concrete beams as the tests 
proceeded and as failure was approached. 
In a prestressed concrete beam the stress distribution 
varies over the region between the cracks 9 as shown in fig. 
7.6, and thus the stress-strain curve for the concrete and 
steel will also varyo Since the steel and concrete stresse~ 
are lower at the section midway between the cracks the change 
in the ratio of the curvatures 9 %d and f2l.s 9 will be different 
to that at the oracles. 
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7.6. Loss of Prestress. 
A loss of prestres s occurs in prestressed concrete 
b eams when the concrete and steel are overstrained and permanent 
strains occur within the two materials. As the maximum load 
increases the prestress los s increases. 
The stress-strain curves for the steel shown in fig. 
7.7 assume 9 for simplicity ~ that the curves for all cycles 
except t he f ir-st are the same. It is also assumed that: 
1b the maximum positive ·and negative moments and their 
respective curvatures are the same9 
2. plane sections remain plane 9 
3. ther-e is no br-eakdown of the bond. 
If the stresses and strains in a beam before the star-t 
of a test were uau and "P" on the str-ess-strain curves for the 
concrete and steel respectively then at the end of the first 
cycle 9 if there is no yielding of the steel 9 the concrete and 
steel stresses will be "f" and "u" respectively. The reason 
is that if the s tresses in the concr-ete a t t he completion of 
the fi r st cycle had become the same as initially, Le. "c", 
the permanent strains in the concrete would have produced a 
lower strain in the steel and therefore the concrete compressive 
forces would have been greater than the tensile steel for-ces. 
Similarly if the concrete strain had become the same as the 
initial strain "d" then the tensile steel forces would have 
been gr eater than the compressive f or·ces . Thus the actual 
conditions must lie somewhere between the two cases 9 i.e. 
''f" and "u". 
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When the maximum load also causes yielding of the steel 
it may be shown by a similar method that there will be a further 
loss of prestress and hence the final conditions will correspond 
to " e" and us" for the concrete and steel re spec ti vely. As the 
load increases the maximum stresses . increase causing an increase 
in the permanent strains and an increase in the loss of prestress . 
At the higher load levels the permanent strains in the steel 
increase and become greater than those in the concrete and 
thus at higher loads the major portion of the loss of prestress 
is due to overstraining of the steel. 
In the dynamic tests the effect of the cyclic loading 
would have caused creep in the concre te, as found in the tests 
reported by Leonhardt32 9 and possibly in the steel as welle 
Thus when creep occurs in either the concrete or steel the loss 
of prestress will increase. 
When a beam is loaded there is a stress gradient across 
the section and as the largest stresses are produced in the 
external fibres the greate~.Prestress losses will also occur 
in the same fibres. The typical redistributions of prestress 
shown in fig. 7.8 indicate that the loss of prestress in the 
central fibres of the beam is small because the stresses in 
these fibres are relatively lowe Since the stress distribution 
in a beam is not uniform over the region between the cracks 
there will a~so be a variation in the loss of prestress along 
the beam and as the greatest stresses occur at the cracks the 
great~st losses will also occur at the cracks. 
I 
Distribution or 
prestress after 
low loads (i.e. 
within .the 
elastic range) . 
Distribution of 
prestress after 
intermediate 
.loads. 
129. 
Distribution of 
prestress after 
high loads have 
be~n applied. · 
Fig. 7.8 PROBABLE TYPICAL DISTRIBUTIONS OF STRESS IN BEAMS 
AFTER PRESTRESS LOSSES 
crack 
/
Possible .distribution of 
bond stresses along wire 
after fatigue loading. 
~ r. 
' I 
' / 
' / 
........ / 
- -/ 
Normal static distribution 
of bond stress 
crack 
.. . 
prestressing 
wire 
Fig. 7.9 COMPARISON OF DISTRIBUTIONS OF BOND STRESS BETWEEN 
CRACKS OF A STATICALLY TESTED BEAM AND A 
DYNAMICALLY TESTED BEAM. 
130o 
The effect of the loss of prestress will cause an increase 
in the range of strains in the beams and hence an increase in 
the range of curvaturee Therefore cyclic loading will tend to 
have ·two opposing effects on prestressed concrete elements; the 
first tends to increase the stiffness of the beams by the 
removal o:f the effect of the permanent strains while the second 
tends to decrease the stiffness through the loss of prestress. 
7. 7'. ~0 
In the fatigue tests at the increments of load after 
the cracks had formed the.deflections of the beams did not 
become stable until 50 ~ 200 cycles after each increase of 
loado For Beams 3 and 4 it was 400 - 500 cycles after the 
final increment of load before the deflections became stabilized 
and this indicates that the number of cycles before the 
deflections became stable increased as the magnitudes of the 
loads increased. 
The increase of deflection would have been primarily 
caused by the destruction of the steel - concrete bond at the 
cracks".. As the tests progressed the o.eflections continued to 
increase but this would have been primarily due to the reduction 
in the stiff'ness of the beams as discU;ssed in the previous 
sections although further smaller losses of bond would have 
occurred. 
The bond in concrete beams is caused by the friction 
developed by the slip between the steel and. the concrete·& 
Thus in the fatigue tests the reversed cyclic loading would 
have caused a continual "to and fro" slipping of the steel 
1"31 0 
in t he concrete which would have pulverized the layer of cement 
grou~ on the wires adjacent to the cracks. As a result much of 
the bond in the region of the cracks would have been lost 
although the curvature of the beam would have forced one sur face 
of t h e wire into contact with the concrete aggregate particles 
and allowed the bond stresses to build up slowly. Hence the 
cyclic loading would have reduced the maximum bond stress 
and also changed the distribution of the bond stresses along 
the wire. Typical bond stress di s tr i bu tions between two cracks 
for static and fatigue type loading s are shown in fig. 7. 9. 
As little is kno\vn of the proper ties of the steel concrete 
bond j,n concrete beams subjected to fatigue loading a great deal 
of further research on this topic is necessary. 
7.8. Ductility Factors. 
The ductility factor for prestres sed concrete beams 
should be used with discretion b e cause with different types 
of loading both the maximum deflections and the deflections at 
the flexural cracking loads can b e differ ent as was found in 
the case of the beams tested; see Table 6.2. 
The ductility of a small section of a beam is the ratio 
of the curvature of the section at a particular load to the 
curvature at the flexural cracking l 0ad and will not necessarily 
be the same a s t he ductili t y of the whole b eam. In the pre-
stressed concrete beams tested t~e ductili t y of the complete 
beam would have been less t han the ductility of the zone of 
pureflexure as shown by the curvature. In the analysis of a 
structu~e it is possible that the ductility of a section will 
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be more applicable and it is likely that the ductility factor 
of the complete structure will be different from the ductility 
factors of both the individual components and the sections of 
the components. This is because the ductility factor of a 
structure is influenced by the number of indeterminants within 
the structure as well as the properties of the components; 
however this is a topic which requires a great deal of further 
research. Also the topic of the individual components alone 
reg_uiries much further res.earch to determine the shape of 
the section, the level of prestress and the position and area 
of steel to give the maximum economic ductility factor. 
Nevertheless the dynamically tested beams have shown that 
prestressed concrete can exhibit a relatively large ductility 
factor under dynamic loading conditions. 
7.9 Cracking Patterns . • 
The general formation and the crack spacing for the 
statically and dynamically tested beams were similar as shown 
in figs. 7.10 - 7. 14. The oracles in the zones of pure flexure 
of the dynamically tested beams appeared to form in bands across 
the beams, and the reason is probably related to the concentration 
of curvature at the cracks across the compression zone. The 
permanent compressive strains in the concrete would have 
produced a concentrat ion of curvature and thus a virtual hinge 
at the terminal point of the compressive zone crack as shown 
in fig. 7.15. Consequently the cracks forming at the opposite 
fac.e would have tended to develop towards the concentration 
of curvature at the base of the crack. 
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The width of the larger cracks appeared to increase as 
the fatigue tests progressed but after the maximum load for 
the test was reached there was only a limited increase in the 
length of the cracks. It is th~ught that the. shear force 
acting across the beam increased the interaction between the 
cracks in the shear zoneo 
The abse?ce of shrinkage cracks in Beam 3 may be 
.·...: ~ 
attributed to autogenous healing of the cracks during the 
extended curing pe·riodo 
7.10 Dynamic Mode of Failureo 
Bot4 Beams 4 and 5 were close to the point of failure 
at the end of the fatigue test and both beam@, failed at loads 
less than the estimated ultimate load in the subsequent static 
test. If it is assumed that the mode of failure in the 
fatigue test would have been the same as in the static test 
then if the fatigue tests had not been stopped before failure 
Beam 4 would have failed through the fracture of one wire and 
Beam 5 would have failed through crushing of the concrete. 
The trend of these results together with the mode of failure 
for Beam 3 were similar to the results from the beams tested 
by V~nuti 27. 
It is apparent that the mode of failure of prestressed 
concrete beams is dependent on the magnitude of the maximum 
applied load because as the maximum load increases the probability 
I 
I, 
of a tension failure decreases while the probability of a 
compression failure increaseso The change of the mode of 
failure is due to the change of the ratio of the steel and 
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concrete stresses and the increasing breakdown of the bond as ' 
the load increases. The analysis of the stresses in the beams 
(see section 6o6 ) shows that at the intermediate load levels 
Le. 50% - 6~ of ul timate 9 the ratio of the maximum concrete 
compressive stress to the maximum crushing stress of the 
concrete is considerably lower than the ratio of the stee·l 
stress in the lower wires to the ultimate steel stress but 
as the .load level increases the increase of the concrete 
stress ratio is more rapid and at loads close to the static 
ultimate load of the beams the two ratios are practically the 
same. Since there was a loss of bond at the higher load 
l evels as discussed in section 7.7 the maximum concret e . 
stresses ... in I. the b.eams :would . have ·been greater .: than · those 
indicated· by . the a~alysis o 
At the conclusion of the fatigue test on Beams 4 and 5 
small sections of the concrete on the upper f~ce of the cracks 
.. 
had been crushed as shown in Plates, 17 andJ18. The crus~ing 
of the concrete was caused by. the high stresses in the concrete 
and by high local tensile stresses which were ·''caused by small 
i 
I 
aggregate particles in the crackso The loss of b ond and creep 
in the concrete would have caused the cracks to open wider than 
J 
the cracks in a normal static test and would have tended to 
dislodge the aggregate particles in the two crack surfaces. 
·when the cracks close the particles would have oeen forced 
back into the crack surfaces producing high lo cal radial 
stresses around each particle. As this· was likely to have 
occ'l)..rred over most of the depth of .. the cra-ck the strength of the 
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concrete adjacent to th'e cracks would have been reduced . 
The strength of the concrete in the upper surface would have 
been reduced at a faster rate than predicted by fatigue tests 
on p~ain concrete and the probability of a failure due to 
crushing of the concrete would have been increased further 
•':0 
at the higher loads. For Beam 5 the crushed conc~ete would 
'~ have caused a reduction of the overall depth of the beam 
which alone w:mld result in a reduction of the strength of 
the beam. 
7.11 Secondary Static Tests. 
The behaviour of the three dynamically tested beams 
in the static tests indicates ·the degree of overstressing and 
damage to the concrete and steel. The fatigue loading caused 
a reduction of the stiffness of the beams and was greatest for 
Beam.-·5 which was subjected to the largest applied load. The 
ultimate loads of Beams 4 and 5 were reduced by the fatigue 
loading but the deflections of the three beams when they 
.finally collapsed were of the same order as the deflections of 
the two statically tested beams at failure. However 9 the 
deflection of Beam 4 when the one wire fractured was approx~matel~ 
half the deflection when the beam finally collapsed. 
The reduction of the st:i,ffness of the beams produced by 
the fatigue loading would have been due to . a combination ~f.g 
1o a change in the stress- strain properties of the concrete 9 
2. a change in the distribution of prestress across . the 
3. the loss of bond 9 
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4o the loss of prestress, 
5. the presence of particles and cement dust in the 
cracks of the beam, 
6. general damage and a reduction of the strength of the 
I" 
concrete accompanieq by microcracking of the concrete. 
For Beam 3 the shape of the static load-deflection 
curve up to the maximum load applied in the fatigue test was 
probably close to the shape of the dynamic load-deflection 
curves for the beam and also close to the shape of the 
curvesfor Beams 4 and 5 before they began to lose strength 
and started to fail. The shape of the lower portion of the 
static curve for Beam 3 was similar to the shape of 'the curves 
found by Venuti when testing prestressed concrete beams 
cyclic ly without reversing the load and was also similar to 
the shape of the moment-curvature curves found by Spencer35 
while testing prestressed concrete beams subjected to reversed 
cyclic loadingn All the curves consisted of two almost linear 
portions and show that after the beam has been loaded into the 
plastic range the stiffness in the elastic or linear range will 
be reduced. For Beam 3 9 the reduction of stiffness over the 
elastic range after the beam had been loaded into the plastic 
range was approximately 50% of the stiffness of the beams during 
the dynamic elastic range testso 
The change in shape of the moment-curvature curves for 
Beams 4 and 5 would have been caused b y the change in the 
stress-strain properties of the concrete as found by two early 
investigations 6,7 and for slower rates of loading by Sinha, 
Gertsle and Tulin 8• · The curves became concave upwards for 
some gauge lengths on Beam 4, but became only linear for Beam 
5 although the latter was subjected to l ar ger applied loads than 
Beam 4. It is t hough·b that because the larger loads applied 
to Beam 5 produced greater losses of prestress and bond the 
beam acted as a reinforced concrete beam at low loads with the 
result that the properties of the concrete did not directly 
influence the behaviour of the beam to the same degree as Beam 
4o Both Beams 4 and 5 sh9wed that a wide variation of the 
moment-curvature relationships occurred over the zone of pure 
flexure for all stages of loading, the greatest curvature 
being in the region at which failure occurred. 
The cracking patterns of Beams 4 and 5 were practically 
fu1ly developed by the fatigue loading and consequently during 
the static tests there was very little extension of the cracks. 
As Beam 3 was not severely cracked the positive moment cracks 9 
i.e. the cracks which formed while a positive moment acted on 
the beam 9 and also to a lesser extent the negative moment cracks, 
extended during the static test when the moment was positiveo 
Since the negative moment ·.cracks below the neutral axis of Beam 
3 reopened and. extended because o~ the tensile stresses in the 
... 
concrete it is reasonable to assume that the negative moment 
cracks in Beams 4 and 5 also reopened during the static test. 
' A number of secondary cracks branching out from .the.primary 
cracl(s formed on :Seams 4 and . 5 but did not form .on Beam 3 and 
it is thoughtth~t these secondary cracks give an indication 
\ . 
. . 
of the ndamagett to the .. beam caused bY' the :f'ati~e l oading .. · 
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The strains measured on the faces of Beams 4 and 5 and 
shown in fig 5.16 and 5,21 show that the neutral axes of the 
beams remained practically stationary for large portions of the 
static tests. This is probably partially caused by the permanent 
compressive strains in the concrete and the non-closure of the 
cracks which resulted in the formation of virtual hinges at the 
junction of the cracks ecross the compressive zone and the position 
of the neutral axes when the maximum positive load acted on the 
beam during the fatigue test. As a virtual hinge is the 
. . 
idealization of the area of the beam about whj.ch adjacent sections 
rotate the neutral axis would have been close to the hinge. Since 
the position of the~rtual hinges would have been practically 
stable the neutral axe3 would have remained in almost stationary 
positions; However, it was found that when there was a loss of 
-, bond or when a wire fractured the neutral a:xi s rose slightly. 
The static load-deflection curves for Beams 4 and 5 were 
practically linear and as the neutral axes were found ' to have :.been 
almost stationary dur . i;ng the tests it would confirm that the 
stress-strain curves for the steel and concrete in the beam were 
modified by the fatigue loading so that they became almost 
linear. The bi-linear load-deflection curves for Beam. 3 and for 
the beams test~·(l by Venuti and Spencer represent · the behaviour of 
the beams in the elastic end plastic rang~s. 
Beam 3 failed when the concrete in the compression zone 
was crushed at a load greater than the estimated ultimate load 
and the maximum deflectlon was greater than that ·for Beam ·1. Venuti 
also found that some beams which did not fail in the fatigue 
test failed statically at loads greater than the mean ultimate 
14LI .• 
1o:J<7. founCl for the b(.a:n.s testE-;<J 8ta t:Lcwll y <>nly. ~H nee Venn t:i. 
foun(! t. '1nt t lk 1.1eon al t:i.mcte l oe ~:l of bcalflf> tested 8-taU.t::aJ.J.;y· 
flfte;· <·J f'oticue ·i;( ; St ~'h') l'n t .r<f: J.<> rcl v: (">:-; rwt r· r~ versed we n on1y 
sl igh-tly less than t.D.vt f'or bcon·s ·tt:;st"ld st:::'!;j.co1ly w:i. thout 
previous fatigue tes ·ting it is probeble tho't :i.f' mor·e bcnms ha<J heen 
tested then there would have been a negligible d.ifference in the 
mean ultimate l oads of b eams tested statically with anr1 w:L thou t 
previous fatigue testin~ where the l oad wa s reversed. However~ 
this will not apply to beams which have been badly damaged by the 
fatigue testing. The stiffness of Beam 3 was greater than the 
cti ffnes s of Beam 1 after the load in the static test had exceeded 
the maxj.mum loed in tJ;le fat1gue test. As this occurred within the 
plastic rango of the beam where the behav i our of the beam is 
controlled principally by ·the steel it is thought that the fatigue 
loading caused str•ain-hardenlng of' the steel as discussed in 
oec:i.on 7, 5. ·1. 
Beam 4 faiJ.ed initiall y when one of the lower wires 
fractured and finally collapsed afte r the load had caused large 
str•ains in the remaining wire which resulted in an uplift of the 
neu.tral axis and crushing of the concrete in the compression zone. 
The fir>st wire fractured at a l oad lower than the estimated 
ultimate load and therefore the average steel stress was lower 
than the normal ultimate steel stresso Since the fractured wire 
was badly corroded in the region of the crack where the frec~1rc 
occurred it is possible then t~e breakdown of bond on the 
fractured wire was not as great as for the unfractured wire. 
Therefore before the initial failure the stress in the 
fractured wire could have b een greater than the stress in the 
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unbroken wire but the stress would still have been less than the 
t 
normal ultimate stress. However the fatigue loading on the corroded 
and pitted wire probably produced stress concentrations which led 
to a gradual reduction of strength of the wireo It has been 
suggested that the strain in the wire during the period between 
the fatigue test and the static test could have resulted in inter-
crystalline corrosion and a further decrease of the ultimate 
strength of the wire9 
The failure of Beam 5 was due to a breakdown of the steel-
concrete bond resulting in crushing of the concrete, The fatigue 
testing severely damaged portions of the compression zone and in 
the region where the beam failed the top fibres of the concrete 
were crushed and practically destroyed as shown in Plate 18. 
7.12 A General Note for Aseismic ~&!:!· · 
The few accelograph records for earthquakes of large 
magnitude show that strong ground motiohs rarely last longer than 
a minute although vibrations of lower magnitude may last longer 
periods. Since the large deformations of a building are associated 
with long periods, i.e. low frequency, the nl~ber of repetitions of 
loads of high intensity will be relatively~w and not likely to be 
greater than a hundred. Hence the total number of repetitions of 
high load during the life of a stl"Uctur'e in an active earthqualce 
zone will not be large and consequently for prestressed concrete 
components loads considerably greater than the normal design load 
may be permissible for aseiemic design. Nevertheless the increase of 
the design stresses for aseismic design must be chosen on the 
basis of economics and the philosophy for the condition of the 
building after the earthquake. For example 9 the building 
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housing the communications or other essential services for a 
city or town during an ear'thqualce must be safe and practically 
undrunaged after the earthquake whereas it may be more economical 
to accept the possibility that a commercial building could be 
unsafe following a large earthquake and need to be demolished 
and rebuilt. I t would also be necessary to consider the state 
of the building 9r structure at the conclusion of an earthquake 
of intermediate intensity. However it is essential 9 whatever 
philosophy is adopted, that the structure is erect after the 
eal.,thquake to allow the occupants to escape from the building 
and prevent loss of life. 
The tests have shown that there is a reduction of the 
stiffness of prestressed concrete elements after reversed 
cyclic loading of high magnitude and hence if a prestressed 
concrete structure survives on earthquake with a minimum of 
damage there is the possibility that the reduced stiffness of 
the components will cause a reduction of the natural frequency 
of the structure. Thus extra stiffness may need to be provided; 
on the other hand the reduced stiffness could b e benef icial os 
long as the strength of the building was unimpaired. However 
this will depend on the type of building and the foundation 
conditions. 
The tests have also shown that after an earthqake unless 
a beam within the frame has completely collapsed it is probable 
that it will still be capable of supporting the full design load 
although the ultimate load may have been reduced. For a beam 
there will be the beneficial effect of the encl restraints which 
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would tend to improve the ultimate load. 
The mode of failure of a beam is likely to be influenced 
by the bond conditions and since the loss of bond decreases as 
the me.chanical bond capacity increases the use of wires where the 
mechanical bond, as distinct from the bond due to friction, is 
improved is recommended. The use of rusted and pitted wires 
which have been found to improve the static bond should also 
be avoided because of the detrimental effects of the corrosion 
and the possibility of inte~nal changes in the crystalline 
structure of the wire which could lead to a reduction of the 
ultimate stresso Possibly the use of steel with smell surface 
deformations results in the best performance of prestressed 
concrete elements under cyclic loading since a limited loss 
of bond could be beneficial whereas at the cracks the peak 
stresses in steel with large surface deformations may become 
excessive and cause the wire to fracture after a low number of 
cycles, 
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8. QONC~U~UQN§ 
The tests conducted on the prestressed concrete showed that 
prestressed concrete is capable of' wi thst:.-mding reversals of 
cyclic loading of large magnitude without failing and that as 
the magnitude of the maximum load increases the number of cycles 
before failure decreases. 
The effect of the reversal of loading was small both 
before cracks appeared and when the cracks were small but as the 
cracks increased in length and width the possibility of 
detrimental effects due only to the reversal of loading increased. 
The overall stiffness of prestressed concrete beams 
subjected tq reversed cyclic loading was initially greater than 
for similarly over-loaded beams for all ranges of loading 
although after the load exceeded that for the linear range of the 
beams the stiffness ?Ver the elastic range decreased • 
. 
The ductility of the beams was relatively large but as 
little is knownof the relationship between the ductility of a 
component of a structure and the overall ductility of the structure 
it is not known whethe r the ductility found is sufficient for 
aseismic design. An aspect which requires further research is 
the determination of the relationship between the ductility of 
a section of a beem9 the overall ductility of the beam end the ; 
ductility of the complete structure. 
Fatigue loading produces a greater breakdown of the bo"nd 
than static loading. Further research on the behaviour of 
flexural bond under fatigue loading is necessary. 
The mode of failure of prestressed concrete beAms is 
complex and is related to the magnitude of the maximum applied 
149. 
load and the breakdown of bond. At no stage should the possibility 
of a shear failure be excluded. 
Further research on the properties of plain concrete 
subjected to compressive cyclic loading and prestressing steel 
subjected to tensile cyclic loads are necessary as they are 
directly related to the the response of a prestressed concrete 
element to cyclic loading. Parameters which need further 
investigation are the stress-strain curve s and the permanent 
strains and how they are affected by the repeated loading and 
the loading intensity. 
Prestressed concrete has been shown to be capable of 
resisting large dynamic loads and is recommended as a suitable 
material for use in aseismic design. Nevertheless care should 
be taken in the design to check the shear and bond strengths 
of the components as the possibility of a premature bond or· 
shear failure is greater under dynamic, and hence aseismic, 
condi tiona. 
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,SP~ENDIX __}J_ . 
Motion of Beam. 
If the elastic shortening of the component s end the 
lack of fit between the components in the linkage system are 
assumed to be negligible then the vertical motion of the beam 
will be identical to that of the head of the conrod. The 
vertical motion of the head of the conrod and therefore of the 
beam is given by equation Ae 1 
= r sin wt +· ~1c2 ~ r 2 cos2wt 0 0 0 
where Y'wt is the displacement of the head of the conrod, 
wt is the angle through which the crankpin has travelled 
after time t, 
r is the throw of the crankpin, 
lc is the length of the conrod, 
The velocity, Vwt 9 and acceleration, Awt 9 of the beam at 
the loading points may be found by differentiating equation 
A. 1 with respect towt once and twice respectively 
Therefore~ 
2 
r sin 2wt 
= r cos wt. 1 2 A/ l c 2 - r 2 cos2wt • • • ...'4.. 2 
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2 
r cos 2wt 
- r sin wt -= t) 2 2 2 lc - r cos wt 
r4 sin2 wt 
2 2 2 3/2 (1 - r cos wt) · 
c • •• A.3 
The effective length of the conrod was 25o3" and the maximum 
throw of the conrod during any test was 1" and therefore under 
these conditions equations A.1 = A.3 become 
Ywt = 
vwt = 
= 
sin wt + )640 - cos2wt -~ 
cos wt - 1 ~ 
-sin wt - i 
+ ! 
sin 2wt 
J 640 2 - cos wt 
cos 2wt 
J 640 ~ cos2wt 
sin2 w't 
-
2 .3/2 (640 ~ cos wt) 
ooo A.4 
... 0 
••• 
By inspection it may be seen that the motion of the beams 
described by equations A.4 - Ao6 is very close to being sinusod.ialo 
When the throw of the cranl<:pin is decreased? i.e. r decreases 9 
the motion of the beams becomes even closer to being sinusodial 
and therefore for all practical purposes it may be sa id tha t 
the motion of the 'beams during the dynamic tests wAs sinusoc1ia l. 
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The design of the unit was ba sed on the assumption that 
the load-deflection curves of the beams to be tested would be 
... 
cubic parabolas. Thus the load deflection curves were assumed 
to be 
p = + 
••• A.? 
where p is the load applied to the beam at a deflection of y, 
P is the maximum load applied during a test 9 
r is the throw of the crankpin (as above ) 
The resulting torque is T 
where T = p.l' 0 0 0 
where 1 9 is the lever arm of the crankpin for the vertical 
load 
since it has been shown that the motion is practically sinusoidal 
y 
sin wt = 
and as 1 9 = r cos wt 
equation Ao? becomes 
T = P.r (sin3wt - 3 sin2wt + 3 sin wt) cos wt ooe A.9 
The torque- angle diagram may be derived directly from 
equation A. 9 and is shown in fig. A.1. The maximum Torque i.s 
where = • 758 P_.r. 
and occurs when the angle!) wt 9 is 30° 12 9 
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The coefficient .758 is known as the Beam Factor and is 
the maximum value of f(wt), (see equation A.11)~ for the cubic 
parabola load deflection curve assumed. 
f(wt) = (sin3wt ~ 3 sin2wt + 3 sin wt) cos wt ••• A.11 
The mean Torque over any range of loading was found by 
integrating equation A. 9 with respect to t end dividing by· the 
angle through which the crankpin has travelled. 
For the first quarter of a r,ycle the mean torque was 
.477 P.r 
If the load deflection curve had been a square parabola 
the Torque angle diagram would have been described by: 
T = P.r sin 2wt (1 - t sin wt) •• 0 
The corresponding torque angle diagram is shown in fig. 
A.2 where the maximum torque is 
-
-
.67 P.r ••• A.13 
i.e. a Beam Factor of .67 
If the load-deflection curve had been linear the torque 
angle diagram would have been given by: 
T = .50 P.r sin 2wt ••• A. 14 
and the maximum torque would have been: 
= .50 P.r ••• A.15 
i.e. a Beam Factor of .50 
.5Pr 
§ 
~ 
0 
E-: 
-.5Pr 
-1.0Pr 
.5Pr 
ANGLE 
F.ig. A.1 TORQUE-ANGLE DIAGRAM FOR CUBIC LOAD-DEFLECTION 
CURVE 
-1.0Pr ANGLE 
Fig. A.2· TORQUE ANGLE DIAGRAM FOR PARABOLIC LOAD-DEFLECTION 
CURVE 
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In practice the shape of the load-deflection curves 
changed during the dynamic testing. For the elastic range t ests 
the curves would have been practically linear whereas they would 
have changed in shape and tended to become similar to a cubic 
parabola in shape as the load increased. In the fatigue tests 
it is likely that the load-deflection curves were practically 
bi-linear until the stage when the beams began to fail. The 
Torque engle diagram for the bi-linear curve is discussed below. 
The shape of the typical bi-linear load-deflection curve 
shown in fig. A.3 is described by~ 
m y 
p1 = - 0 - p from 0 - mp r r ••• .A.16 
and 
1 y p2 = 1-k (m-lc) + - (1-m) from mp - F r 
as T = p.l' 
where 1' = r cos wt 
y 
and - = sin wt r 
T1 P.r 
m ~ sin 2wt = k 2 000 J\.18 
(m-k) + sin wt (1-m) sin wt 
•• 0 A. 19 
consider the special case where m = 2/3, k = 1/3 
= Por sin 2wt 0 • • A.20 
T2 = P.r ~ (1 + sin wt) cos wt .... A.21 
The corresponding Torque-Angle diagram is shown; in fig. 
1. OP r--------.---------:::::'1 
mP -----
~.5P' ~----~~---r----------~ 
Fig. ·A.3 BI-LINEAR 
LOAD DEFLECTION 
CURVE 0 
H 
1.0Fr 
ky' .5y 
DEFL:fi:CTION . 
ANG;LE 
l.Oy 
Fig. A.4. TORQUE-ANGLE DIAGRAM FOR BI-LINEAR LOAD 
DEFLECTION CURVE 
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The above discussion shows that the shape of the torque 
angle diagram is a function of the load-deflection curve of the 
beams and hence the Beam Factor is also a function of the Load-
deflection curve of the beam. If it is assumed that the load-
deflection curve of a beam cannot be concave then the minimum 
Beam Factor is given by equation Ao15 and is q50. The upper 
limit for the Beam Factor is unity but this can only occur for 
the special case of the bi-linear load-deflection curve when 
m = 1 and k = 0 which is.impractical. Hence it was assumed 
for the O.esign of t he Dynamic Loading Unit that the upper 
limit for the Beam Factor would be given by a cubic parabolic 
load-deflection curve. 
The analysis above also shows that as the load-deflection 
curve becomes more concave towards the X axis the Beam Factor 
increases and thus the maximum limit for the product of the 
applied load and the throw of the crankpi n 9 P.r 9 decreaseso 
~nergy Capeci t;y: 2f Flywheels. 
The Kinetic energy capacity of a flywheel is given by 
K.E. = 
where I is the moment of inertia of the flywheel 
(in. lb/ sec2) 
w is the angular velocity (sec-1) 
o e • fA o 22 
If there is a change of the speed of rotation of the 
flywheel the change of the kinetic energy is given by 
.i'l '">3 ooo 4£"\o<-
where w1 end w2 are the initial and final angular velocities 
respectively 
-If = c 
equation A.23 becomes 
d (K.E.) 1 2 ( 20 - c2 ) = 2 I:r• w1 ••• A. 24 
- -2 As C is small c may be neglected "and hence 
d (KoEo) 1r w1 
2 c = 0 ••• A.25 
The moment of inertia of the flywheels incorporated :tn the 
Dynamic Loading Unit was 34.6 in.lb/sec2 and therefore 
2 
= 34.6 w1 a 
The fluctuations of the energy of the Unit are given by the 
Torque-angle diagrams and it was found that under most conditions 
the coefficient of speed variation 9 ~ 9 was greater than 1% 
which is the normal figure assumed for design. 
fc 
(p. s. i.) 
6800 
6890 
7000 
7•100 
7140 
6920 
6320 
4920 
3780 
2030 
}{1 = ratio 
k2 = ratio 
k3 = ratio 
depth 
Table B.1. 
APPENDIX B 
ec k1 1<:2 k3 lc1k3 
-·----
.0029 .70 .39 .94 .66 
.0027 .69 .37 .94 o65 
.0025 .66 .37 .94 .61 
: 
.0023 .64 .37 .94 .60 
• 0021 .60 o36 .94 • 57 
.0019 0 59 .36 .91 • 53 
o0016 0 57 .35 0 83 .47 
o0011 • 53 o35 .64 .34 
.0008 ) below ec = • 001 assume a ) triangular distribution of 
.0004 ) ) stress k2 = .34 
------
0 
~~ j---- I I 
I 
of everege 
-.,. 
k3.f c 
·------? T = As o f 8 
stress to maximum stress 
of maximum stress to cylinder strength f' c 
of depth to resultant of compressive stress end 
to neutral axis. 
Coefficients for the Stress-Strain Curve of Concrete 
APPENDIX C 
-
-
Increment Applied Deflections 
Number lJoad (inches) (lbs) -
A B Centre D E 
-·-· --
1 330 • 013 • 016 • 016 e015 .014 
2 570 .,025 . 028 .029 .028 .025 
3 850 &041 a 0~.5 • 0~.7 lloL,.:; ,.OL1.0 
4 1090 .-058 .065 .067 • 06L1. .057 
5 1400 o097 
6 1630 . 133 
7 1890 • 197 
8 2210 .. 362 
9 2535 .621 
10 2650. .787 
11 2875 1.217 
12 30L~5 1.882 
. 
---
Table c. 5.1 Load - Deflection results from Beam 1. 
N.B. Gauges B? D 10" from centre line 
Gauges A, E 20" from centre line. 
(ref. fig. 5.3) 
. - -
-
.... 
Increment 4 6 7 8 10 4 6 7 8 10 Numoer . -
~pplied· .... 
P:,oad -( lb) 1100 1640 1810 2215- 2665 1100 1640 1810 2215 2665 
- -----
- ...__..., ~ .. c::;::;...._ . ... 
--- --.!. 
Gauge Ai -130 -260 -380 -520 . -1000 Gauge Di . -160 -290 --390 -570 · -980 
A2 ~~ 60 ~120 -140 -190 - 90 D2 I - 90 -140 . ~160 -200 -120 
A3 10 10 80 ~40 470 D3 - 10 10 60 390 1130 
A4. 70 180 460 1260 3880 D4 60 160 390 1050 3360 
AS 140 420 830 1960 5870 D5 100 350 860 2430 4890 
. . 
·-;....-..-.. • . . ~ " • • • > . - . . 
-~
-
~ . --
-
~ ..... -
-
pauge B1 -140 - 280 ~390 -580 ~920 Gauge C1 -140 - -280 ~400 - 570 -940 
B2 ~ 70 - 160 - 180 -·J80 = 70 C2 
- 70 -130 -180 -190 - 80 
B3 = 50 i60 420 1140 C3 10 30 100 500 1680 
B4 90 280 590 1340 3230 C4 90 220 420 1330 3490 
B5 i70 530 1010 2170 4930 C5 170 440 820 2190 5330.-
I 
- . - -
-
~~ 
1 ~140 -280 
-390 -560 -960 The strains shown in the opposite 
2 - 70 - 140 -170 -190 
- 90 panel are the average of the 
3 0 20 100 380 1100 strains in the zone of pure 
4 80 210 460 1250 3490 flexure 9 derived from the strains 
5 150 440 880 2190 5250 shown above. 
'· 
~- -~---- -· -
Table 0~5.,2 Stl,ains produced in Beam i o-ver the region of :pure f'le.xureG 
Units of strain g micro-strains (ref., f'ig., 5.2) ~ (j\ 
(j\ 
0 
Increment 4 6 7 8 9 10 11 12 Number 
-
-
Load (lbs) 1100 1640 1915 2210 2540 2670 2880 3070 
--
Gauge 1 130 280 L~20 690 1170 1l.t.80 2190 3110 
2 170 350 530 830 1210 1490 2080 2880 
3 140 300 440 750 1130 1390 1960 2800 
4 150 290 410 660 1030 1260 1860 2640 
5 130 290 LtlJ.O 780 1180 1L~20 2020 2660 
6 140 270 340 680 1040 1290 1820 2460 
' 
7 130 290 L~OO 650 1100 1360 1950 2720 
- -
____  .. . 
-~·-··· ·-· .... -.. -. ..... _. ---- ~·--
Average 
strain 1L~O 290 L1.30 720 1120 1380 1980 2750 
Table C.5o3o Compressive strains on the top face of Beam 1 
over the region of pure flexureo 
Units of strain g micro-strains. 
(refo fig~ 5.,4) 
~-----·--· - --·---r---------- -----------., 
Increment 
Number 
Applied 
Load 
( lbs) 
Deflection 
(inches) 
1--·---t·--- -· ---r-----,----....-- -r-----+ 
Centre 3A 2A 1A 1B 2B 3B 
--------+------+-----+---+---+----+--·-"•"- --·-~ ~--~-
1 
2 
3 
4 
5 
6 
Zero 
7 
8 
9 
10 
1 1 
12 
13 
Zero 
14 
15 
16 
17 
Zero (1) 
Zero (2) 
290 
600 
920 
1140 
1l1.~.o 
1705 
-300 
-600 
-·900 
~1200 
--1500 
- 1800 
-2100 
870 
1650 
•1950 
2260 
.015 , 01 1 ,013 .015 .01 5 . 013 .011 
• 031 ., 021 • 026 • 030 • 030 • 027 4 021 
• 050 • 035 • 043 • 048 • OL~8 , 043 . 035 
,067 .047 ,058 , 065 .065 .057 .046 
,092 
"124 
--
.014 
-e010 
-.,027 
-.045 
-.064 
-.083 
.~ 001 
o059 
.130 
~ •187 
.333 
o035 
.028 
~--~---·--~----~·-··--~----~----~ 
---~-·~- ---·- ·--·-··-Increment Applied . --·----.. --;---Deflection 
Number Load on centl"e 
~------+-----1-----·--
18 
19 
20 
21 
Zero 
22 
23 
24 
25 
26 
27 
-1200 
-2100 
-2400 
-2700 
910 
1770 
2320 
2590 
2850 
3265 
-. 055 
.003 
e077 
•. 214 
.325 
• 515 
. 953 
1 • 51-!.L~ 
·----------~---------~-------~----_._.. ___________________ ~· ---·----~ 
Table 0.~ 4~ Load - Deflection results from Beam 2. 
N.B. Gauges 1A~ 1B' 10" from centre, 
Gauges 2A 9 2B 2011 from centre. 
Gauges 3A, 3B 3011 f rom centre. 
-Increment 4 6 Zero 15 16 17 . Zero Zero 24 24 
number (1) (2) 
-
Applied 
1670 Load (lb) :1150 1710 1990 2290 2340 2600 
A1 - 120 -220 -10 -220 -290 
-430 ~60 -40 -430 -680 
A2 -80 -140 -20 -140 -180 -220 - 70 -60 -220 ~220 
A3 -10 20 0 20 60 280 0 0 310 650 
A4 70 160 30 180 230 450 50 30 490 800 
A5 100 190 20 200 290 570 10 30 620 1000 
B1 ~160 l-260 -40 -260 -330 -590 -110 -80 - 590 -770 
B2 ~100 -150 -20 -150 -200 . -210 -60 -40 -170 -130 
B3 
- 40 ~ 40 10 - 40 ~ 20 270 -20 0 360 760 
B4 40 100 10 100 190 660 1 30 30 1030 1660 
B5 100 130 10 100 110 610 J 0 10 780 1370 B6 150 300 30 300 330 1800 120 120 2160 3690 
01 -180 ~280 
-30 -300 -390 -630 1-120 - 90 -650 -820 
02 ~120 -180 
-30 -·180 -200 -240 = 70 - 60 -210 -170 
03 - 40 -50 - 20 ~ 40 0 110 
- 40 - . 50 · 140 210 
04 .. 10 110 0 110 200 340 - 20 - 10 220 1490 
05 90 290 40 380 490 1170 - 20 70 1090 1850 
06 140 280 30 360 440 1310 0 - 10 140 160 
D1 -130 -210 
- 50 -220 -290 - 430 - 60 - 30 -440 -590 
D2 
- 90 .,.140 - 20 ~160 -180 -220 
- 40 - 40 -210 - 110 
D3 0 20 - 10 20 70 120 - 20 - 20 220 300 
D4 90 140 20 120 150 160 ~ 10 10 140 150 
D5 110 150 10 140 50 120 - 10 0 120 90 
Table 0.5.5~ Strai ns produ ced in Beam 2 over region of pure flexure 
Units of Strain ~ micro-strain (refo fig. 5.5) 
26 
2850 
-910 
-100 
1910 
-1060 
10 
1990 
-1190 
- .110 
440 
-890 
- 70 
350 
- --- - ---
27 
3000 
- 1140 
210 
-1370 
530 
- 1550 
540 
-1150 
240 
I 
..l. 
~ 
\0 
.. 
Deflections Deflections Deflections 
I Increment Average (inches) Average (inches) Average (inches) Load Load Load 
Number (lbs) c B D (lbs) c B D (lbs) c B D 
-
~ 38 .001 .003 .,001 55 .002 ..,.003 .. 001 60 .002 .. 003 .001 : 
I 
i 197 .008 .009 ~007 197 .008 ,.009 .007 181 .007 .-008 .006 
2 :: 410 .016 o019 e016 384 .016 ~017 .,014 384 .015 ~017 .014 
"3 ·-6'1~ .026 .029 .025 626 .026 .028 o024 611 .025 .. 028 .. 024 
4 831 .037 .042 .. 036 858 .036 .039 .. 034 845 .035 .. 039 .035 
5 1026 .043 .052 .. 044 1072 .. 044 .-050 .042 1079 .043 .049. .041 
Speed i c.p., Se Speed 1 c.¢:p .. s. 1 .· Speed 12 c.p. s., 
l 
; 
300 revs / increment 900 revs I increment I 300 revs I increment ~~. - -· --·- - --
Table C .. 5 .. 6 Load - neglection results from Dynamic elastic range tests 
on Beam 3. 
~ 
-.J 
0 
0 
171. 
Deflections Deflections 
Number Average (inches) Number Average (inches) 
- o¥ of Load Load 
cycles (lbs) B C,D cycles (lbs) B 
--
0- 150 - - - 4200~4600 2355 !359 
150- 260 760 . 034 . 037 4600-5000 2355 , 359 
260-400 1260 .060 .053 5000~5250 2355 .359 
400- 550 1760 ,.079 .069 5250-5440 2355 .359 
550-660 1930 .• 109 .092 5440-5800 2420 .371 
660- 840 2100 0141 "120 5800-6200 2420 .371 
840-980 2240 .269 .222 6200-6600 2420 .377 
980-1 090 2215 .280 . 230 6600-6900 2~.20 . 371 
1090-11 60 2270 e311 • 262 6900-7200 2420 .377 
1160-1390 2270 .332 .262 7200~7600 2355 .371 
1390-1560 2270 .. 338 .279 7600-8000 2355 .371 
1560-2000 2355 .346 .289 8000-8400 2355 .371 
2000-2l.~OO 2295 o346 .286 8400-8730 2355 .371 
2400-2800 2295 .346 . 287 8730-9100 2420 e385 
2800-3020 2295 e346 ,.283 9100-9500 2420 .385 
3020-3400 2355 .359 .300 9500-9900 2420 .392 
3400-.3800 2355 e359 .300 9900.:.. 2420 .. 385 
3800-4200 2355 .359 
109300 
. 300 
Table c. 5. 7 Results from Fatigue Test on Beam 3 
NoB. The Deflections shown in column C,D are the 
average of' the deflections . obta~ned from 
gauges C and Do (ref. figs. 5.,7, 5. 8, 5.9) 
C,D 
. 300 
.300 
.297 
. 297 
.310 
.310 
.313 
. 313 
.313 
.313 
.. 313 
.313 
.310 
.322 
·. 322 
.324 
.322 
172. 
Increment Applied Deflections (inches) Number Load 
- ---(lbs) c B D 
1 300 .. 019 .,023 .. 019 
2 600 .. 039 .-045 .. 038 
3 900 ~063 .075 .,062 
Lj. 1200 .. o96 .116 .. 094 
5 1500 • 150 0 18Lj. "147 
6 1800 .228 ~28Lj. .. 225 
7 2100 .305 .. 381 .. 301 
8 2400 .. 385 ~483 s381 
9 2700 • 532 o665 • 521 
10 3000 e908 1. 1L!.7 .. 893 
1 1 3150 1 .. 179 1 .. 496 1 .157 
12 3300 1 .667 1. 734 
Failure load 3440 lb$ 
Table 0.,5.,8 Results from static Test on Beam 3. 
( ref. fig . 5.7, 5.10) 
Deflections De:fJ.ections Deflections 
Increment Average (inches) Average (inches) Average (inches) 
Number Load Load Load 
(lbs) c B D (lbs) c B D (lbs) c B D 
1 198 .008 .009 o007 198 o008 .009 .. 007 198 .,008 .010 o007 
2 389 .016 .. 018 .,016 368 .. 016 .. o1 e .. 016 368 o016r.018 .016 I I 
3 565 o025 o027 o024 572 o024 ,027 .. 025 559 .. 024 .,027 .025 
4 800 .. 034 
.0371.035 788 o034 o038 o034 789 o034 .. 038 o035 
5 994 o042 .. 049 1'"043 981 o042 4048 ;.043 994 lo042 o049 .043 
I 
Speed ·I c .. p .. s .. Speed 1~ c.,pes. Speed 1 2 c.,:p.,s~ 
200 cycles / increment 430 cycles~ i~c-~e~e~t~ 150 cycles/ increment 
Table Co5 .. 9 Load - Deflection results :from D~amic elastic range tests 
on Beam 4., 
-3. 
-.J 
\..N 
0 
-- ·-
- . - . -
Deflections Deflections 
Number Average (inches) ~umqel_' Average (inches) 
of' Load of' Load 
cycles (lbs) B C,D cycles · (lbs) B C,D 
-- . 
0- 60 
- - - 4800-:-4950 2690 !465 !408 
60-252 326 .019 .019 4950-:-5150 2630 .465 .. 414 
252-444 810 .,042 .037 5150-5350 2690 .484 .. 429 
444-636 1170 .057 .053 5350-5650 2690 ~505 .446 
636-828 1670 .087 .,080 5650-6100 2690 0.523 .463 
· .. 
828-908 2420 .215 .188 6100- 6250 2630 . 543 .. 478 
908-1020 2420 .238 0199 6250-6650 2630 .555 .. 493 
I 
1020-1100 2570 .. 287 .. 255 6650-6850 2630 .576 • 503 
1100-1212 2520 o300 .255 6850-7350 2630 .603 .. 525 
1230 2570 .371 
- 7350-7535 2690 .628 • 541 
1240-1350 2690 .371 . 315 7535-7650 2690 .. 655 .567 
1350-1.600 2690 .394 .340 7650-7770 2690 .684 • 582 
1.600-1800 2690 .. 394 .. 340 7770-8220 2690 .688 ~593 
1800-2050 2690 .399 .358 8220-8820 2630 • 706 .603 
2050-2300 2740 .419 .367 8820-9120 2630 o726 .. 623 
2300-2450 2690 .,419 . 364 9120-9340 2630 • 745 .. 642 
2450-2950 2690 .. 419 .367 9340-9580 2690 • 778 .660 
2950-3350 2690 o427 o379 9580-9760 2630 .810 .. 688 
3350-3600 2740 .440 .392 9760.:.. 2630 .837 0 719 
3600-4000 2690 .460 
10,060 
.392 10,060- 2690 .867 "743 10,300 
4000-4500 2740 .460 .399 10,300- 2630 .. 867 .. 743 
10t550 4500-4800 2740 .465 .414 10,550- 2570 .867 0 743 10,920 
Table c. 5.10 Results from Fatigue Test on Bea.rn L~ .. 
N.B. The Def'lectionsBhown in column c,n are the aver?ge 
of' the deflections obtain~d from gauges C and D .. 
' (ref'. f'igs. 5. 114 5.13. ~.14) · 
175. 
Deflections 
Inc:rement Applied (inches) 
Numbel" Load 
(lbs) c B D 
1 
- - - -
I) 
.._ 310 .045 .052 .048 
3 605 .128 .164 .126 
4 915 .226 .282 .220 
5 1210 .322 .401 .314 
6 1520 • Lj.78 .595 .461 
7 1830 • 590 • 732 • 569 
8 2120 • 737 • 914 0 710 
98. 2310 
b 1490 .864 1 .,062 • 794 
10 1810 1.110 1$360 .998 
11 2030 1.478 1.825 1.309 
Table C.5.11 Load- Deflection results ~rom 
static test on Beam 4. 
(ref. figs. 5.11 , 5.15) 
176. 
·--r-· 
Increment 1 4 6 8 9B 10 11 Number 
-·-~ 
---Applied 
Load (lbs) ~ 915 1520 2120 1480 1810 2030 
-
Gauge A1 60 -280 -530 - 710 -650 -810 -940 
A2 170 250 450 670 1520 2310 3400 
., 
A3 470 1.440 2560 3520 6060 9310 14010 
A4 13·10 5230 9140 12210 
A5 1670 664.0 11530 150 
---·--~- ·~ 
B1 100 -150 -430 ":'590 -550 -620 --780 
B2 190 -170 -290 -460 -620 -740 . 1090 
B3 280 930 1810 2750 2980 3090 3230 
B4 380 1890 3500 5210 
B5 1070 2340 4210 6210 
-
01 -1 00 
-340 -t~40 -1020 -6~.0 -710 -750 
02 
- 20 - 40 60 '130 210 190 220 
03 240 580 1090 1720 1770 1840 1880 
04 260 2050 20h0 2990 
05 260 1360 2040 3710 
- ~-· 
Gauge 1 20 -260 ~600 
-770 -610 -710 - 820 
2 110 130 270 420 780 1080 1570 
3 330 980 1820 2660 3600 4750 6370 
4 650 3060 4890 6800 
5 1000 3450 5930 3360 
' 
- ·-·~-- ---~ 
Table C .. 5o 12 Strains produc·ed in Beam 4 in static test 
Units of' strain ~ mj.c:r:>o- strains 
(ref'o figs .. 5o 12 9 5o 16) · 
Deflections Def'lections Def'lections Deflecti 
~rement Average (inches) Average (inches) Average (inches) Average (inches 
lumber Load Load Load Load (lbs) c B D (lbs) c B D (lbs) c B D (lbs) c B 
- 55 .002 ~002 .. 001 45 .002 .002 0 001 50 .. 002 ~003 .. 001 41 .,001 .. 002 
--
1 163 .006 ~007 o005 157 .. 006 .. 007 .005 161 .006 ., 007 .005 161 .. oo6 .. 007 
2 368 .015 .. 016 .. 014 364 .. 015 .016 .014 358 · .. 015 .,016 .. 014 352 .014 .016 
3 541 .023 o025 o023 531 .. 022 .,025 ~023 546 .023 .,024 .022 525 .023 .025 
4 785 .032 .035 .. 032 778 .. 032 .036 .033 772 .033 .,035 .. 032 753 .032 .035 
5 994 .039 .046 .041 980 .. 041 .047 .041 981 .039 .. 046 .040 963 .. 041 .045 
Speed 1i c.,p. So Speed 1 2 . c .. p .. s. Speed 1 CoP~ So Speed 2 c.,p .. s 
450 cycles / increment 150 cyc_l_e_s/incre~e~t I 300 cy~les/increment 480 cycles/increm 
Table c. 5.13. Load - Deflection Results from Dynarnic elastic range tests on Beam 5., 
·- · 
Number Average Deflections Number Applied Deflections (inches) (inches) of Load of Load 
cycles (lbs) B CgD cycles (lbs) B C,D 
0- 60 
- - - 1790 2990 • 593 
60- ~00 430 .025 .021 1800 2990 ~ 593 • 516 
300- 540 810 .039 .035 1810-1850 2950 .608 • 541 
540- 730 1190 .057 .050 1850-1900 2950 .644 .578 
735 1440 . • 069 1.900-1950 2900 .677 .608 
740-1020 1560 .078 .069 1975 2950 .710 
1020-1260 1980 .117 "103 2000-2025 2950 • 738 
1270 2250 .126 2025-2075 2900 .803 .700 
1290 2420 .177 2075-2125 2840 .. 833 
1300 2310 .180 "155 2125-2175 2780 .841 0 732 
1.300-1500 2250 .180 "155 2175- 2225 2740 .845 
1510 2470 .242 2225-2275 2740 .841 0 727 
1520 2630 .279 2300 2690 .. 853 0 740 
1530 2690 .315 2325 2740 .905 
1540-1740 2630 o353 .. 310 2350 2690 o936 .812 
1750 2780 .. 419 2375 2690 .994 
1760 2900 .. 426 2400 2690 1. 020 .864 
1770 2990 .486 2425 2570 1.020 
1780 2990 .563 
Table C._5.14 Results f'rom Fa.tigue Test on Beam 5., 
N.B. The Deflections shown in column C,D are the 
average of the deflect~ons obtained from gauges 
C and D .. (ref. figs., 5.1t 5.18, 5.19) 
Increment Applied Deflections (inches) Number Load 
(lbs) 0 B D 
--
1 220 .056 . • 083 .064 
2 390 .143 .199 .154 
3 595 .223· .310 .244 
4 780 .297 .413 .328 
5 995 .386 0 532 .431 
6 1225 .489 . .674 .550 
7 1420 0 580 .797 .655 
8 161 5 .666 .91 3 • 753 
I 
9 1800 .764 1.043 .863 
10 1990 • 878 1.198 .998 
1 1 2170 .972 1.323 1. 103 
12 ~2370 1.066 i .463 1. 247 2180 
13 2390 1. 159 1. 586 1.355 
14 ~2620 
2400 
1. 294 10 792 1. 519 
-· 
Table c. 5.15 Load - Deflection results from 
static test on Beam 5 
(ref. ~igs. 5.11, 5o20) 
179. 
Increment Zero 3 I 6 I 
8 1-~ 10 11 1 13 I 14 number I - I ~pplied 1 
2170 I 2390 I I I oad (lb) - 595 1215 1 161o I 1800 I 1990 2395 
pauge A1 
I 
-120 j ~790 1 -850 -8oo - 70 -320 ~490 I -610 ~670 
A2 170 150 220 290 3"Z"' 380 I 410 I 440 310 _JV 
A3 180 540 1090 1400 1600 28oo 1 296o 2190 2610 j 
A4 420 1130 1650 2120 3540 I : I 
A5 820 2260 3620 4820 6040 I I __ 
I B1 l 430 
-110 I -530 I -750 I -870 -990 1-1 190 1 ~1460 ~1400 
B2 ~40 ~ 60 - 40 I - 30 ~ iO 
- 10 ~ 10 ..... 30 = 120 
B3 470 1080 l 1870 1 2310 2530 2720 1 2910 ! 3230 3050 
B4 680 1760 3140 : 3770 4520 I -; B5 1090 341c I 5730 ! 6950 I 8520 
• I I 
l 01 30 ... _540 
-900 1 - 1030 -1210 - 141C - 1530 1 -18oo - 193o 1 I 02 810 1060 1430 1710 '1820 1990 2100 1 2210 20401 I 03 1100 2940 4700 I 5590 6100 6840 ?68o I 901 o 11 220 
I C4 1400 2820 6150 7390 91 _80 I 05 1 1140 3280 5530 6670 8400 ' I I I 
D1 30 -290 -500 -610 I - 700 - 760 l -610 -84o I - 94o D2 290 350 410 470 540 520 I 520 I 600 310 
D3 820 1980 3030 3600 4980 5230 6650 I 7340 7410 
D4 1350 2360 6850 8310 9860 I ! D5 1810 5450 I 7730 110250 12150 ·i 
I ---..·· -~auges ~ ~ I -860 - 1090 ! ~1260 -1185 1 105 -315 -605 i -750 -970 
305 375 505 l 610 670 720 755 805 635 
3 640 1635 2670 I 3225 3800 4400 5050 ! 5440 607() l 
4 960 2017 4l!l!-5 ! 339 5 6775 ' 
_l 5 12•15 3600 565o 1 717o 8780 
~ - -
Table 0~5~16 Strains prcdu~sd in 5c~ 5 in static Tes~$ 
Units of strain ~ lT_ir~~<:)=st::•ains (ref' .. f'igso 5o17~ 5.21) 
...... 
CX> 
~ 
0 
APPENDill__!h 
.. 
dR 
Position dy X f(x) E X 10-6 E v xa1o-6 
(lb/in) (in ) (Po So io) (Po So i o) 
A 9600 40 599300 4.90 
B 8410 50 669700 4.84 
Centre 8330 60 699200 4.96 5 .. 01 
D 9000 50 669700 5.16 
E 10200 40 59,300 5.21 
Table D. 6.1 Calculations for the Modulus of· elasticity 
(E) for the concrete in Beam 19 for the 
Position 
Centre 
1A & 1B 
2A & 2B 
3A & 3B 
definition of dR and f(x) refer to section 
dy 
6.1 
dR 
E X 10-6 Eav dy X f(x) X 10- 6 ( lb/in) (in) ( in3) (p.s.i..) (p.s.i..) 
9080 60 699200 5o42 
9380 50 669800 5.40 5o43 
10600 40 599300 5 .. 41 
13250 30 489000 5.48 
--·---
181. 
Table D .. 6.2 Calculations for the Modulus of Elasticity (E) 
for the Concrete in Beam 2., 
182. 
1- E Standard 
Position Speed dR f(x) EX 10-6 
av _6 
( I ) dY X X 10 Deviation c.p.s. 
- -
~ 
--
B 9620 60" 69200 5.74 
c 1 11800 40" 59300 6.03 5.84 013 2 
D 11250 40" 59300 5.75 
B 10900 6o-• 69200 6.50 
c 1 11630 40u 59300 5.95 6o ·19 • 23 
D 11980 40'' 59300 6o12 
B 10850 60" 69200 6.47 
c 1i 11900 40\t 59300 6o08 6.16 .23 
D 11600 6o-• 59300 5o93 
Table Do6.3 Calculations for the Dy,hamic Modulus of 
Elasticity . (E) for the concrete in Beam 3o 
Speed I .£g 
Ex 10-6 
Eav 6 Standard 
Position (c.p.s.) dy X f(x) X 10- Deviation 
B 10450 60" 69200 6 .. 23 
c 1 11360 40-~ 59300 5.81 5o94 o21 
D 11300 40" 59300 5o78 
B 10200 6o•• 69200 6.08 
c 1-k 11430 40" 59300 5o84 5o81 o23 
D 10780 40" 59300 .5o 51 
B 10110 60" 69200 6.03 
c 1 ~ 11400 4o•• 59300 5o82 5 .. 84 014 
D 11110 40" 59300 5o68 
Table D.,6o4 Calculations for the DY.namic Modulus of 
Elasticity (E) for the Concrete in Beam 4o 
184. 
S:peedf dR E Standard Position 
- f(x) 10-6 
av _6 
(co:P• s.) dy X E X X 10 Deviation 
B 10630 60'' 69200 6.34 
c 1t 12030 40'• 59300 6.15 6.16 .14 
D 11730 40-- 59300 6 .. 00 
B 10440 60" 69200 . 6.23 
c 
1 11730 40~· 59300 6.oo 6.01 018 ~ 
D 11330 40" 59300 5.79 
B 10710 60" 69200 6.39 
c 1 12030 40" 59300 6o15 6.28 010 
D 12350 40" 59300 6 .. 31 
B 10710 60" 69200 6.39 
c 2 •11480 40" 59300 5.89 5.9~ o33 
D 10950 40" 59300 5o60 
Table Do6o5 Calculations for the Dynamic Modulus of 
Elasticity (E) for the Concrete in Beam 5. 
185. 
- -
Increment 
Number 4 "6 7 8 10 
Applied 
Load 1&10 L64 1 0 81 2.22 2.67 
Moment 27&5 41 .o 45.3 55.4 66.6 
·--
Depth to 
s N.A.(in.) 2.75 2.82 2.47 2.18 1.60 
-e 
•170 320 480 680 1460 t ec 
A ··-
!---f-.-
Curvature 60 110 190 310 910 
- -Depth to 
s N.A.(in.) 3.00 2.72 2.33 2o00 10 59 
~= 
-e 
ec 180 340 500 760 1380 t 
- -B Curvature 60 130 220 380 870 
Depth to 
s N .A. (in.) 2.85 2.63 2.30 2.00 10 58 
e 
t eo 180 360 510 750 1390 
c 
Curvature 60 140 220 380 880 
Depth to 
s N.A.(in.) 2.95 2.?0 2.22 2.03 1o62 1---~ 
e 
ec 180 370 510 740 1430 t 
D Curvature 60 150 230 360 880 
Average 
60 Curvature 130 220 360 870 
-
Table D.6.6 Moment Curvature Relationships for Beam 1 
Note: Units = Load 
Moment 
ec 
C'lj.rvature 
0 
0 Kips 
: Kip- ins 
Micro-strains 0 0 
Rad./in x 106 
186. 
Increment 4 6 16 17 24 25 26 27 
Number 
-
Applied 10 14 1. 71 1. 95 2.26 2.32 2.59 2.85 3.02 Load 
Moment 28.5 42.7 48.7 56.5 58.0 64.7 71.2 75.5 
Depth to 3.00 2.80 2.65 2.17 1. 91 2.07 1. 60 1. 36 s NoAo(in.) 
e 
t ec 160 250 330 510 800 900 1350 1830 
A 
Curvature 50 90 120 230 L~20 430 840 1350 
Depth to 3.50 3.20 2.95 2.13 1. 93 1. 69 1.42 1.23 
s N.A. (in.) 
e 
ec 200 300 400 730 730 1040 1620 2300 t 
B Curvature 60 90 140 340 380 620 1140 1870 
Depth to 
s NoAo(in.) 3.60 3.20 2.75 2.30 2.15 2.03 1. 75 1 0 25 
e 
t ec 190 320 450 820 820 1180 1700 2770 
c 
Curvature 50 100 160 360 380 580 970 2220 
Depth to 2.80 2.70 2.60 2 .. 44 2.25 1. 05 1.69 1.32 
s N,.A,.(in.) 
e 
ec 170 260 350 530 530 810 1300 1830 t 
--D Curvature 60 100 130 220 240 440 770 1390 
-
Average 60 100 140 290 330 520 930 1710 Curvature 
-
Table D.6.7 Moment Curvature Relations ships for Beam 2 
Note: Units - Load 
Moment 0 0 
ec g 
Curvature: 
Kips 
Kip - ins 
Micro-strains 
6 Rad/in x 10 
- -· . 
Increment 1 4 6 8 9b 10 11 Number 
·---------
Applied 
Load - .92 1. 52 2.12 1.48 1. 81 2·.03 
- -- --·-- ---------
Depth to 
- 1. 03 1.04 1. 01 .80 • 76 • 72 
s N.A.(in.) 
--e 
ec 540 1000 1380 1720 2360 3060 t -
A ----Curvature 
-
520 960 1370 2150 2980 41 50 
--
Depth to 
- . 99 1.12 1. 07 .97 .97 . • 93 
s N. A.(in.) 
e 
ec 290 770 1090 1110 1320 1700 t -
B Curvature 290 690 930 1050 1360 1830 -
s 
D:epth to 
N.A.(in.) - 1. 63 1.45 10 39 1. 28 1.31 1. 28 
e 
t ec - 590 1400 1580 1060 1150 1270 
c 
Curvature 
-
360 960 1140 830 880 990 
Average 
Curvature 
- 390 870 1150 1340 1740 2320 
Moment 
-
22.9 38.0 53.0 37.0 45.2 50. 7 
Table 0. 6.8 Moment Curvature Relationships for Beam 4 
following the fatigue test. 
Note: Units - Load 
Moment 
ec 
Curvature: 
Kips 
Kip - ins 
Micro-strains 
Rad./in x 106 
188 • 
.--
Increment 
Number 3 6 8 9 10 11 13 14 
Applied 
Load .,60 1. 22 1o 61 1. 80 1o99 2.17 2.39 2 .. 40 
Depth to 
s N.A .. (in.) 1.18 1.17 1.17 1 0 17 1 0 17 1.17 1.16 1. 22 
e 
t ec 530 820 1050 1190 1300 1390 1520 1340 
j/( 
Curvature 450 700 900 1020 1110 1190 1300 1120 
s 
Depth to , 
N.A. (in., 1. 58 . 1. 50 1..,50 1. 50 1. 50 1.50 1. 50 1o 56 
e 
t ec 140 810 1020 1310 1480 1780 2170 2020 
B Curvature 90 540 680 870 990 1190 1450 1290 
-
Depth to 
s N.A.(in.) .. 84 .89 .. 87 .90 0 91 o92 .93 1 .oo 
e 
t ec 1320 2020 2380 2610 3070 3310 3830 3860 
c 
Curvature 1570 2300 2740 2900 3380 3600 4120 } 860 
'· Depth to ~, 
s NoAo(ino) .96 1 .. 04 1. 06 1.06 10 08 1. 11 1.10 1e18 
e --· 
t ec 600 940 1140 1330 1410 1530 1740 1080 
D Curvature 640 900 1080 1250 1300 1380 1580 920 
-
Average 
Curvature 690 1110 1350 1510 1700 1840 2110 1800 
Moment 14 .. 9 30.4 40o3 45 .. 0 49o8 54 .. 3 59.8 59 .. 9 
Table D.6.9 Moment Curvature Relationships for Beam 5 
following the fatigue test. 
Note: Units - Load g Kips 
Momentg Kip - ins 
e g Micro-strains 
c 6 Curvature~ Rad./in x 10 
r 
z 
") ~ 
r: ::<> 
"'~ ;; -1 
-1 -< 
:10 ; ...., 
;;; () 
:1)> 
:r z 
. -1 
z m 
. :;o 
~ ~ 
~ 
Moment Per Depth Strain in Stress in fc fs2 :f s1 fs1 Curvature cent to extreme extreme --9 Kip - of N .. A .. compressive compressive fc (k., So i.,) Or .. s .. L) fsu ¢ ins ult .. (in .. ) fibre e 0 fibre :f c Moment (p .. s.,i .. ) (%) 
83 .. 7 100 1 .. 37 . • 0029 7190 94 .. 0 181 233 93 .. 2 .. 00212 
78.9 94.2 1 .. 47 .,0020 7000 91.,5 165 223 89 .. 2 .. 00133 
76 .. 1 90 .. 8 1 .. 58 .. 0017 6550 85 .. 6 160 217 86 .. 8 .. 00108 
75 .. 0 89 .. 6 1..63 .,0016 6320 82 .. 5 159 21 5 86 .. 0 .. 00098 
70 .. 2 83 .. 9 1 .. 84 .. 0013 5580 72 .. 9 153 . 206 82 .. 41 ..00071 
63 .. 8 76.2 2 .. 10 .. 0011 4920 64 .. 3 147 193 77 .. 2 .. 00052 
60 .. 3 72 .. 0 2 .. 36 .. 0009 4190 54 .. 7 147 184 73 .. 6 .00038 
55 .. 7 64 .. 0 2 .. 63 .,0007 I 3360 43 .. 9 144 175 70 .. 00027 
Table D.6 .. 10 Stresses and Strains in the steel and concrete of the beams tested .. 
9 
Note~ fc is the cylinder crushing strength 
fs 1 is the stress in the bottom steel 
fs2 is the stress in the top steel 
fsu is the ultimate steel str ess .. 
I 
I 
~ 
():) 
\.0 
. 
